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Abstract  
 
BRCA2 is a highly penetrant breast cancer predisposing gene. The protein product of the 
BRCA2 gene mediates repair of breaks in DNA, through Homologous Recombination (HR). 
Understanding the mechanism(s) behind BRCA2 involvement in HR will help clarify its clinical 
importance and may pave the way for possible therapy. 
In this work we show that BRCA2 affects telomere maintenance in mammalian cells. Telomeres 
are physical ends of chromosomes implicated in cell senescence and carcinogenesis. In 
particular, the enzyme telomerase that synthesizes telomeric DNA is highly active in ~90% 
cancers and it is considered one of the cancer markers. The remaining 10% of cancers do not 
show telomerase activity and they maintain their telomeres by an alternative pathway known as 
Alternative Lengthening of Telomeres (ALT). We observed telomere shortening, loss of 
telomere function in the form of end chromosome fusions and increased incidence of Telomere 
Sister Chromatid Exchanges (T-SCE), one of the recognized markers of ALT, in 3 sets of 
Chinese hamster and human BRCA2 defective cell lines, all of which maintained telomeres by 
conventional mechanisms.  
We have also inhibited BRCA2 expression in ALT positive cells by transfecting them with si 
(short interfering) RNA oligonucleotides specific for BRCA2 and monitored its expression by 
Real Time-PCR and Western blot. Results indicate that BRCA2 knock-down in ALT positive 
human cells that causes reduction in T-SCE frequencies, thus suggesting that ALT cells and 
those that maintain telomeres by conventional mechanisms differ in this respect. One 
interesting scenario that emerges from these results is that BRCA2 deficiency could potentially 
suppress the ALT pathway. We wanted to explore this possibility further by creating a 
permanent BRCA2 knock-down. Our preliminary results suggest that our method for the 
permanent BRCA2 knock-down based on the SMARTvector 2.0 system and sh (short hairpin) 
 iv 
 
RNA approach is still not working effectively. We identified hyper-methylation of the 
promoter within the vector as a possible cause. 
Finally, we examined repair kinetics of interstitial telomeric sites (ITSs) in BRCA2 deficient 
Chinese hamster cells in order to test the hypothesis that defective DNA double strand break 
repair may be responsible for their increased sensitivity to DNA damaging agents. Our results 
indicate that DNA damage within ITSs is repaired effectively thus disproving the above 
hypothesis. In conclusion, this work demonstrates the involvement of BRCA2 in telomere 
maintenance. 
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1.1 Telomere biology  
Telomeres are specialised nucleoprotein structures located at the ends of linear chromosomes 
responsible for maintenance of chromosome stability. The absence of these specialized 
structures causes fusion of chromosomes and subsequent breakage-fusion-breakage cycles 
leading to genomic instability (King et al., 1994).  Here, we will review telomere biology, 
assess the importance of telomeres in DNA damage response and discuss the role of BRCA2 in 
telomere maintenance.  
1.2 Structure and function of telomeres 
In the early 1930s, Hermann J. Muller and Barbara McClintock showed that chromosomes 
carry a distinct component at their ends, which provides their long-term stability (Greider and 
Blackburn, 1996). Muller named this component the “telomere”, using Greek words “telos” for 
end and “meros” for part. Today we know that telomeres consist of specific DNA sequences 
and a set of specialized proteins (Olovnikov, 1971). However, telomeres were initially defined 
functionally; the definition was based on the Muller/McClintock’s observations that naturally 
occurring chromosome ends behave in a different way from broken chromosome ends. Today 
we know that the telomere protective function is due to the formation of a specialized 
nucleoprotein complex, which occupies the end of the chromosome and most likely prevents 
the activation of DNA damage response pathways that normally recognize DNA ends resulting 
from DNA breakage (Viscardi et al., 2007).  
In mammalian cells telomeres are composed of the repeated DNA sequence (TTAGGG)n 
(Greider and Blackburn, 1985). When DNA replicates, one strand is replicated by the leading-
strand DNA synthesis and the other strand is replicated by the lagging-strand synthesis (Figure 
1.1). Most of the telomeric tract is double stranded DNA, but there is also a short (normally 
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between 50 and 200 base pairs) single 3' strand overhang at both chromosome ends (Makarov 
et al., 1997, Greider and Blackburn, 1996, Lingner and Cech, 1998) (Figure ‏1.1). 
Due to replication properties of mammalian polymerases it has been thought that two strands of 
telomeric DNA would have different terminal structures at the end of DNA replication: the 
leading strand telomere would be blunt-ended and the lagging strand telomere will have 3` 
overhang (Figure ‏1.1). The size of this 3` overhang has to be equal to the size of an RNA primer 
i.e. 8-12 base pairs (bp) (see Figure ‏1.1A). 
 
 
 
Figure ‏1.1 Schematic outline of telomere replication (adapted from Slijepcevic, 1998).  
A) conventional model, B) revised model. Because an RNA primer (R) primes the synthesis 
process of the lagging strand, removal of the RNA primer leaves a gap of 8-12 bp 
(Conventional model) (Weinrich et al., 1997). However, degradation of the 5` ends by 
exonuclease activity works to shorten the strand a little further (Revised model) (Wellinger and 
Sen, 1997, Makarov et al., 1997).  
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However, it has been shown that all chromosome ends have 3’ single strand overhangs most 
likely created by exonucleolytic degradation (Wellinger and Sen, 1997, Makarov et al., 1997) 
(Figure ‏1.1B). Therefore, the replication of telomeric DNA results in sequence loss due to end-
replication problem and exonucleolytic degradation (Figure ‏1.1B). 
Examination of chromosomal ends by electron microscopy revealed that telomeric DNA is not 
linear. Instead, it forms a loop called t (telomeric)-loop (Griffith et al. 1999). T-loops can be as 
large as several kb and it has been suggested, based on indirect evidence, that the G-rich 3` 
overhang invades the telomeric duplex DNA. The G-rich overhang is able to fold backwards, 
invade duplex telomere strands thus resulting in a t-loop formation (Figure ‏1.2).  
 
Figure ‏1.2  A schematic of how shelterin might be positioned on telomeric DNA.  
The TTAGGG repeats of mammalian chromosome ends associate with the six-protein 
complex. Highlighting the duplex telomeric DNA interactions of TRF1 and TRF2 and the 
binding of POT1 to the single-stranded TTAGGG repeats. Although one of the shelterin 
complexes may have the depicted structure, telomeres contain numerous copies of the complex 
bound along the double strand TTAGGG repeat array (adapted from Titia de Lange, 2005). 
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The G-rich overhang inserts between the two strands, which forms a minor D-loop (Figure ‏1.2). 
Free 3`-end can possibly be recognised as DNA strand breaks which are able to activate the 
checkpoints of the DNA repair apparatus. These could probably initiate the process of cellular 
senescence and apoptosis. Therefore, the loop structures sequester the free 3`-ends, preventing 
DNA damage recognition. This structure is also considered to be dynamic. This is because 
numerous proteins must be able to access the extreme terminus of DNA in its linear form in 
order to regulate processes associated with telomere function (Bryan et al., 1997). The essential 
function of telomere is to protect ends of chromosomes from irregular chromosomal 
recombination, end-to-end fusions and DNA degradation (Blackburn, 1991) in order to avoid 
DNA damage response activation (de Lange 2005). In addition to this function, telomeres play 
other roles including organisation of cell nucleus, meiosis associated processes and regulation 
of stem proliferation (Hackett et al., 2001). In the next section telomeric proteins will be 
described. 
1.2.1 Telomere-associated proteins 
Various proteins have been recognised as telomere-associated proteins. They associate with 
telomeres in two different ways. Some associate by binding telomeric DNA directly. However, 
other proteins are not able to bind telomeric DNA directly. Instead, they interact with proteins 
which bind telomeric DNA. Together, these two groups of proteins mediate formation of a 
specialized tri-dimensional t-loop structure discussed earlier. The core group of telomeric 
proteins are known by a collective name shelterin. Shelterin components include: TRF1, TRF2, 
POT1, TIN2, RAP1 and TPP1 (Liu et al., 2004). Some of these proteins, namely TRF1, TRF2 
and POT1 directly interact with the sequences of telomeric DNA (as illustrated in Figure ‏1.2) 
(Liu et al., 2004).  
TRF2 is involved in the establishment of t-loop (Cesare and Griffith, 2004) whereas TRF1 is 
involved in the telomere length homeostasis control (van Steensel and de Lange, 1997). 
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Expression of truncated forms of TRF1 and the interacting factor present in it, TIN2, induce 
unsuitable elongation of telomeres in telomerase-positive cells (van Steensel and de Lange, 
1997, Kim et al., 1994, Smogorzewska et al., 2000). Inhibition of TRF2 in cultured cells results 
in deprotection of chromosome ends and covalently fused telomeres (van Steensel et al., 1998). 
Additionally, loss of TRF2 function would possibly lead to growth arrest and ATM/p53 
mediated apoptosis (van Steensel et al., 1998). Both TRF1 and TRF2 are also recognised as the 
negative telomere length regulators i.e. overexpression of either results in gradual length 
decline (Van Steensel and de Lange, 1997; Smogorzewska et al., 2000). POT1 is the only 
protein that can bind the 3’ single strand telomeric overhang. TIN2 (TRF1-Interacting Nuclear 
protein-2) and RAP1 (Repressor Activator Protein-1) do not bind telomeric DNA directly but 
instead interact with TRF1 and TRF2. In addition, TPP1, thereby providing a bridge between 
the shelterin components that bind to ds and single strand telomeric DNA (Houghtaling et al., 
2004). Thus, members of the shelterin complex are considered to be vital regulators of telomere 
structure and function. 
In addition to shelterin components, several other proteins have been shown to associate with 
telomeres. For example, Tankyrase 1 and 2 are identified as proteins that associate with 
telomeres through interactions with TRF1 (Ye and de Lange, 2004). They are also known by 
their shorter names TANK1 (TRF1-interacting ankyrin-related ADP-ribose polymerase) and 
TANK2. They belong to a family of proteins known as poly (ADP-ribose) polymerases 
(PARPs) that play a role in DNA metabolism in particular DNA damage response. Two 
prominent members of this family, PARP 1 and 2 operate in base excision repair (BER) and 
single strand break (SSB) repair (Slijepcevic, 2006, Herceg and Wang, 2001, Ame et al., 2004). 
Furthermore, some other DNA damage response proteins associate with telomeres. For 
example, the MRE11-RAD50-NBS1 (MRN) complex, the DNA-dependent protein kinase 
complex (DNA-PK) consisting of Ku and DNA-PKcs (catalytic subunit) and homologous 
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recombination proteins such as RAD51D normally reside at telomeres (Song et al., 2000, Wu et 
al., 2000, Bailey et al., 2004). DNA damage response proteins such as RAD54 and 
ERCC1/XPF affect telomere function but do not associate with telomeres directly (Chan and 
Blackburn, 2002, Blasco and Hahn, 2003) suggesting the functional interplay between telomere 
function and DNA damage response that goes beyond direct association of individual protein 
sets. Most of the above-mentioned DNA damage response proteins influence telomere length 
control, G-rich overhangs structure and telomere function. Their effects on telomeres will be 
discussed in (section 1.3.1 and 1.3.2). 
1.2.2 Telomere maintenance by telomerase 
Telomeres may become dysfunctional via a number of mechanisms, some of which have been 
highlighted above. However, the most common mechanism in this respect is physiological 
telomere sequence loss resulting from inability of conventional DNA replication enzymes to 
replicate telomeric DNA in full (see section 1.2). This causes telomere shortening, which 
contributes to the subsequent replicative cell senescence (O'Sullivan et al., 2002). Replicative 
cell senescence, or Hayflick limit, refers to the phenomenon first observed by Hayflick and 
Moorhead (1961) that normal human somatic cells can divide in vitro only a limited number of 
times. In most cases differentiated human somatic cells cease to divide after roughly 50 
divisions.  However, some cells, in particular germ-line and stem cells, may be able to avoid 
this replicative senescence. They differ from the most differentiated somatic cells in that they 
express the enzyme that can prevent telomere sequence loss, the enzyme telomerase (Bryan et 
al., 1997, Dunham et al., 2000). In this section we will review telomerase structure and 
function. 
As a result of the investigations carried out in biochemistry of DNA replication, it is common 
knowledge that the 3` ends of linear DNA molecules cannot be entirely replicated by 
conventional polymerases (Levy et al., 1992) and the only enzyme that can accomplish this is 
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telomerase.  Telomerase, a specialised reverse transcriptase, was initially isolated from the 
ciliate protozoan Tetrahymena thermophila (Greider and Blackburn, 1985). Telomerase, or 
telomere terminal transferase, is a ribonucleoprotein which adds telomeric (TTAGGG)n repeats 
onto chromosome ends (Blackburn, 1991, Feng et al., 1995). This event is generally conserved 
in eukaryotes, as it is revealed by phylogenetic comparison. For a very long period of time 
since the first report on telomerase activity in cancer (Kim et al., 1994) it was assumed that 
normal human somatic cells lack telomerase activity completely. However, subsequent studies 
suggested that some human somatic cells such as fibroblasts have low telomerase activity 
levels as revealed by immunological detection of telomerase catalytic component known as 
hTERT (Masutomi et al., 2003). Still, it is safe to conclude that most human somatic cells lack 
robust telomerase activity.  
On the contrary, high telomerase activity has been observed in most human cancers (Kim and 
Wu, 1997, Dhaene et al., 2000), suggesting that telomerase is essential in providing a 
proliferative capacity to cells for the progression towards malignancy. Telomerase activity can 
easily be detected in various embryonic cells during development, in adult stem cells (Ulaner 
and Giudice, 1997, Ulaner et al., 1998) and adult germ-line tissues (Weinrich et al., 1997). It 
has been theorized that cell senescence may probably be overcome via upregulation of 
telomerase (Blackburn, 1991, Feng et al., 1995, Kim and Wu, 1997). A formal proof for this 
has been provided by the over-expression of hTERT in somatic human cells resulting in by-
passes of replicative senescence or immortalization (Takano et al., 2008).  
The length of telomeres, the length of G-rich overhangs and also expression levels of 
telomerase subunits play the role of indirect indicators of the enzyme function. Telomeres are 
also assumed to control the expression of subtelomeric genes, a phenomenon acknowledged as 
telomere position effect (Baur et al., 2001), and therefore paradoxically this may have an effect 
on the expression of telomerase itself which in humans, is positioned at the extreme end of 
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chromosome 5p (Meyerson et al., 1997, Kilian et al., 1997). Most investigations have linked 
telomerase to the maintenance of stable telomere length, even though telomere length has the 
ability to be maintained in the absence of telomerase via alternative mechanisms. These 
mechanisms are known as alternative lengthening of telomerase (ALT). 
1.2.3 Telomerase components 
Human telomerase has a molecular mass of over 1000 kDa containing two major components: 
an RNA component (hTERC) and a catalytic component (hTERT) and several smaller 
components (Blackburn, 2000a) (see  
Figure ‏1.3). hTERC is widely expressed in normal human cells, while hTERT is, according to 
some studies, low and even absent in the same cells (Dhaene et al., 2000, Kanaya et al., 1998, 
Artandi, 2006).  
However, this is a controversial issue as a good quality antibody can detect hTERT in human 
primary fibroblast (Masutomi et al., 2003). Telomerase plays an important role in cancer (Zhou 
et al., 2013) as a correlation exists between the over-expression of hTERT and an increase in 
telomerase in tumours. hTERC and hTERT are indispensable for telomerase activity, and 
expression of these subunits in vitro leads to the formation of a functional telomerase enzyme 
(Weinrich et al., 1997, Chen and Huang, 2012). 
1.2.3.1  Human Telomerase Reverse Transcriptase (hTERT)  
Presence of hTERT, the catalytic subunit of telomerase that also harbours the reverse 
transcriptase activity, was first identified in 1989 in crude nuclear HeLa fractions (Morin, 
1989). A single copy hTERT gene consists of 16 exons and 15 introns spanning more than 40 
kb. The hTERT gene was localised, using the FISH probes, on human chromosome 5p15.33, 
very close to the telomere (Bryce et al., 2000). The hTERT gene encodes a 127kDa protein 
consisting of 1132 amino acids (Meyerson et al., 1997), which is almost entirely localised in 
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the nucleus (Harrington et al., 1997). Phylogenetic studies found that the TERT subunit is very 
well conserved from protozoa to humans, including plants. It is interesting that TERT motifs 
are shared by viruses and retroelements (Nakayama et al., 1998). These motifs are significant 
for the reverse transcriptase activity as mutations in amino acids in the motifs prevent 
telomerase activity (Nakayama et al., 1998, Weinrich et al., 1997, Wojtyla et al., 2011). They 
also aid in telomere elongation because through these motifs the hTERT protein recognises the 
RNA template and reversibly transcribes the telmeric motif, leading to the elongation of 
telomere.  
In the actual process of telomeric DNA synthesis telomerase positions itself on the edge of the 
3’ end of the leading DNA strand (Figure 1.3). The hTERC sub-unit of the telomerase enzyme 
is located near the template region and elongation is carried out by hTERT, the catalytic sub-
unit of telomerase. Subsequently, the complex is translocated and repositioned on the newly 
synthesised DNA to continue telomere elongation. Eventually, the lagging strand is replicated 
by DNA polymerases. The region containing the TERT motifs has also been shown to bind 
hTP1 protein, independent of the hTERT binding (Wojtyla et al., 2011).  
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Figure ‏1.3 Human telomerase complex and binding proteins. Adapted from (Wojtyla et al., 
2011). The assembly of human telomerase occurs by a complex mechanism, which depends on 
energy and it involves, first of all, stabilisation of hTERC and its subsequent association with 
the hTERT protein (Aisner et al., 2002, Collins, 2008). To demonstrate telomerase activity in 
vitro, only two components are required: TERT protein and TERC (Nakayama et al., 1998, 
Kilian et al., 1997). On the other hand, assembly of the active telomerase complex in vivo 
requires additional components that facilitate the enzyme function (McEachern et al., 2000). 
 
1.2.3.2 Human Telomerase RNA Component (hTERC) 
hTERC is one of telomerase's subunits and serves as a template during telomere elongation. In 
order to demonstrate telomerase activity in vitro hTERC was one of the two necessary 
components (Weinrich et al., 1997). The gene encoding hTERC was localised on the human 
chromosome 3q26.3 (Feng et al., 1995). Biochemical analysis of hTERC expression revealed 
that this component is widely expressed in both tumour and non-tumour tissues (Yi et al., 2001, 
Feng et al., 1995). Given that telomerase is required for the immortalization step in malignant 
transformation hTERC may be used to distinguish between precancerous lesion and high grade 
cancer lesions in relevant tissues (Heselmeyer-Haddad et al., 2003, Heselmeyer-Haddad et al., 
2005). This is in line with observations that the hTERC expression is up-regulated in tumour 
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tissues (Soder et al., 1998). However, the hTERC is not essential for telomerase reactivation 
(Weinrich et al., 1997), in contrast to hTERT.  
The mature hTERC transcript is 451 nucleotides long and lacks a polyA tail. The RNA contains 
a template region of 11 nucleotides 5’-CUAACCCUAAC-3’ located in the 5’ extremity (Chen 
et al., 2000). Although hTERC RNA sequences are phylogenetically divergent, their secondary 
structures have been found to be similar form ciliates to vertebrates (Chen et al., 2000).  
1.3 Telomeres and DNA damage response  
A number of DNA damage response proteins are physically present at telomeres (see above) 
suggesting a functional interplay between mechanisms responsible for telomere maintenance 
and DNA damage response mechanisms. In this section we review functional links between the 
above two sets of molecular mechanisms.  
DNA damage response may be described as a network of mechanisms that:  
A) sense, signal and repair DNA damage which can be caused by various external and 
internal agents; 
B) control cell-cycle progression and cell death via apoptosis.  
It is becoming more evident that telomeres are involved in DNA damage response. For 
instance, mice that lack functional telomerase are radiosensitive (Goytisolo et al., 2000). Radio-
sensitivity is usually a sign of defective DNA damage response. For example, exposure to 
ionizing radiation (IR) results in induction of numerous DNA damage lesions including DNA 
double strand breaks (DSBs) (Ward, 2000). Sensitivity to IR is an indication that cell repair 
mechanisms cannot effectively repair IR induced DNA lesions such as DSBs.  
Therefore, even though telomerase is not directly involved in DSB repair its absence is 
sufficient to affect this pathway thus confirming the functional interplay between DNA damage 
response and telomere maintenance.  Furthermore, a number of studies have shown that the loss 
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of telomere function activates DNA damage response (Longhese, 2008). This is the 
consequence of chromosome end deprotection resulting in them being recognized as 
pathological DSBs by cellular the DNA damage response mechanisms. 
In addition, research carried out within the last 10-15 years revealed that cells defective in 
proteins regulating different aspects of DNA damage response show a variety of telomere 
dysfunction phenotypes (see below). Therefore, it is considered that these DNA damage 
response proteins are also needed in the maintenance of telomeres and their deficiency gives 
rise to deprotected or dysfunctional telomeres. A number of reviews have been published in 
recent years summarizing these proteins and pathways they regulate (Longhese, 2008). They 
range from the DNA damage signalling proteins such as ATM (Polo and Jackson, 2011), to 
DNA damage sensors such the MRN complex (Polo and Jackson, 2011) to proteins involved in 
repair of DNA DSBs (Karran, 2000), UV induced DNA lesions (Sinha and Hader, 2002) and 
DNA cross-links (Sinha and Hader, 2002). It is striking that the role of DSB repair proteins in 
telomere maintenance is best characterized.  
DSBs are thought to be the most severe form of DNA damage. They are usually caused by 
exposure of cells to IR, chemotherapeutic or radiomimetic agents for example bleomycin, 
mitomycin C, cisplatinum, methylmethanesulfonate, etc. as well as to endogenous free radicals, 
the by-products of oxidative metabolism.  
If DSBs are not repaired before the DNA replication process starts (or mitosis), DSBs would be 
able to induce cell death. More dangerously, if they misrepair, DSBs could potentially lead to 
chromosome translocations as well as genomic instability and cancer predisposition. The 
mechanisms which respond to DSBs include three different categories; pathways of DNA 
repair, cell-cycle checkpoint arrest and apoptosis (Buscemi et al., 2006).  
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Cell-cycle checkpoint controls prevent progression through the cell cycle as DNA replication 
and mitosis in the presence of DSBs would destabilise the genome. In order to repair DSBs in 
mammalian cells there are two major pathways: homologous recombination (HR) and non-
homologous end joining (NHEJ). HR requires DNA sequence homology resulting in DSB 
repair by recovering genetic information from intact sister chromatids. Therefore, HR is an 
error free repair mechanism.  On the other hand, NHEJ rejoins DNA by directly joining DNA 
ends without any requirement for sequence homology and as a result may not be error free. 
Moreover, the relative contribution of HR and NHEJ in the cell cycle is differential; it is widely 
accepted that mammalian cells predominantly use HR in the G2 phase of the cell cycle and 
NHEJ mostly in the G1 phase of the cell cycle (Haber, 2000, Rothkamm et al., 2003, Jeggo et 
al., 2005). 
Telomere maintenance is linked to both pathways as it is shown by telomere dysfunction 
phenotypes in the absence of functional HR and NHEJ (see below). 
1.3.1 Non-homologous end joining (NHEJ) 
Although NHEJ shows the highest level of activity in G1 phase biochemical studies indicate 
that it remains active throughout the cell cycle, including late S and G2 (O'Driscoll and Jeggo, 
2006). Several proteins have been implicated in NHEJ in higher organisms (Pasta and Blasiak, 
2003). Three of them comprise the complex called DNA dependent protein kinase (DNA-PK), 
namely Ku 70 and Ku 80 which are the two subunits of the heterodimeric Ku protein and also a 
large catalytic subunit which is known as DNA-dependent protein kinase catalytic subunit 
(DNA-PKcs) (Buck et al., 2006, Ahnesorg et al., 2006). DNA DSBs are recognised in 
mammalian cells via the sensor molecule, MRN complex and this signal is mediated by the key 
DNA damage signalling molecule ATM. As a result the DSB repair will be activated starting 
with binding of Ku to the end of the broken DNA molecules. Subsequently, the Ku protein 
recruits the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), which sequesters the 
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DNA ends. The DNA ligase complex (including XRCC4, XLF and DNA ligase IV) then 
catalyses phosphodiester bond formation.  
Moreover, XRCC4 known as the X-ray cross linking protein and the XLF protein may be used 
to bridge XRCC4 and Ligase IV proteins. The only remaining NHEJ molecule, Artemis, is 
regulated by DNA-PKcs through phosphorylation (Miller and Cooper, 2003). Figure ‏1.4 shows 
an outline of the NHEJ process. It is interesting that XRCC4 and Ligase 4, which are required 
for the subsequent rejoining stages (Figure ‏1.4) co-associate in undamaged cells but, 
surprisingly, do not associate with DNA-PK in the same cells (Lees-Miller and Meek, 2003). 
They are also involved in V(D)J recombination and this indicates that NHEJ is also vital for 
this process (Ma et al., 2002).  
It is interesting that a protein involved in HR, namely BRCA1, has been suspected to indirectly 
contribute to NHEJ (Zhong et al., 1999). However, the exact biochemical function of BRCA1 
in NHEJ has not been uncovered yet. It has been hypothesised that BRCA1 interacts with the 
RAD50 protein which is a part of the MRN complex (Ahnesorg et al., 2006). The MRN 
complex most likely acts as a sensor for DSBs (Lee and Dunphy, 2013). BRCA1 may also act 
in a fashion similar to that of DNA-PKcs, namely to provide a bridge between adjacent DNA 
breaks, or it may be able to inhibit the nucleolytic processing capability of the MRN complex 
(Paull et al., 2001). This indicates that BRCA1 is the regulator for the function of the MRN 
complex, which prevents extensive DNA end processing.  
The loss of the Ku protein in mice causes telomere dysfunction in the form of chromosome 
fusions (Espejel and Blasco, 2002, Samper et al., 2000, Yasaei et al., 2013). Biochemical 
studies have shown that Ku is present at telomeres (d'Adda di Fagagna et al., 2001) and that 
interacts with both TRF1 and TRF2 (De Lange, 2002). It has been assumed that Ku is one of 
the negative regulators of telomerase. For example, Ku defective cells have elongated 
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telomeres (Samper et al., 2000). Hence, it is hypothesised that Ku works to block access of 
telomerase to telomeres (Slijepcevic and Al-Wahiby, 2005). 
Furthermore, defective DNA-PKcs causes a similar phenotype to the one described in the case 
of defective Ku: telomere elongation and telomeric fusions (Yasaei et al., 2013). Biochemical 
studies have confirmed that similarly to Ku, DNA-PKcs also interacts with shelterin 
components TRF1 and TRF2 (de Lange, 2002, Chakhparonian and Wellinger, 2003). 
Therefore, two key components of NHEJ, Ku and DNA-PKcs, are strongly associated with 
regulating telomere length and function.  
 
Figure ‏1.4 Schematic representation of NHEJ (Griffin and Thacker, 2004).  
The only other NHEJ protein that plays a role in telomere maintenance is Artemis, a member of 
the SNM1 family of proteins, which has nucleolytic activity. However, its effects on telomere 
function are much less severe than the effects exerted by the loss of Ku and DNA-PKcs. It has 
been shown that cells from Artemis defective patients display a mild telomere dysfunction and 
more severe telomere shortening in comparison to normal cells (Yasaei et al. 2010). 
Interestingly, another member of the SNM1, Apollo, is a nuclease similar to Artemis. Apollo 
interacts with TRF2 and its absence causes a severe telomere dysfunction phenotype (van 
Overbeek and de Lange 2006; Lenain et al., 2006).  
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Two more NHEJ proteins have been investigated with respect to their effects on telomeres, 
XRCC4 and Ligase 4. None of them shows any effect on telomere maintenance (see for 
example Nijnik et al. 2007). At present it is unknown if XLF has any role in telomere 
maintenance. 
1.3.2 Homologous recombination (HR) 
The HR pathway for DSB repair is based on using the intact sister chromatid as the repair 
template, operating mainly in late S and G2 phases of a cell cycle. Therefore the coding 
information lost at the location of the break is retrieved as shown in (Figure ‏1.5). HR is 
therefore potentially an extremely accurate and efficient DSB repair pathway in contrast to 
NHEJ. In the initial steps of DSB processing the MRN heterotrimeric complex, which has 
exonuclease and endonuclease function, plays a significant role in order to produce and expose 
single stranded DNA tail as shown in (Figure ‏1.5) (Griffin and Thacker, 2004). 
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Figure ‏1.5 Schematic representation of the HR pathway. 
A) DSBs recognised and the ends which are nucleolytically processed by the MRN complex. 
Formation of 3` single-stranded tails by resection of break ends which are layered with RAD51. 
B) Displacement of single-stranded binding replication protein A (RPA) with the assistance of 
RAD52 and RAD51. A 3` end molecule (grey colour) invades an unbroken molecule (black 
colour), displacing a strand (D-loop) that is considered to be a repair template. C) RAD54 has 
both pre- and post-invasion roles in order to facilitate the launching of DNA. D) The cross 
stranded structures will be determined by XRCC3 and a RAD51 like heterodimer (adapted 
from Griffin and Thacker 2004).   
 
The next stage of HR processing involved RAD51 in cooperation with BRCA2 and RAD54 to 
bind the exposed single stranded DNA and, following that, to invade the broken DNA into the 
neighbouring sister chromatid, in order to search for homologous sequences (Yang et al., 
2002). By this invasion, the non-matching intact strand is displaced, forming a D-loop, which 
expands as new DNA synthesis progresses over the break location. As soon as these 
neighbouring DNA strands get paired at the homologous sequence, the DNA polymerases will 
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be activated in order to fill the damaged gap. The resulting Holliday junction will be formed 
which will then complete the process (Thompson, 2005). 
 At least five HR proteins have been shown to affect telomere maintenance: RAD51D, RAD54, 
RAD50, BRCA1 and BRCA2.  The effects of RAD51D, RAD54, RAD50, BRCA1 on 
telomeres will be discussed in this section. The effects of BRCA2 dysfunction on telomere 
maintenance will be discussed in the next section. 
One of RAD51 paralogs, RAD51D, interacts with the shelterin component, TRF2, and it is 
present at telomeres in both somatic and meiotic cells (Tarsounas et al., 2004). Furthermore, 
MEFs (mouse embryonic fibroblasts) from RAD51D defective mice exhibited telomeric 
fusions and telomere shortening suggesting that RAD51D is important for telomere 
maintenance (Tarsounsa et al., 2004). Therefore, RAD51D plays a dual role. It is involved in (i) 
DSB repair via HR and (ii) telomere maintenance. Similarly to RAD51D, cells from RAD54 
defective mice show telomere shortening and telomeric fusions (Jaco et al. 2003). However, 
there is no evidence that RAD54 interacts with any of the telomeric proteins.  
A yeast study revealed that Rad50 mutants show telomere shortening and cell senescence 
(Kironmai and Muniapa 1997). Subsequent studies in mammalian cells revealed that RAD50, 
which is part of the MRN complex, interacts directly with TRF2 and telomeres (Zhu et al., 
2000). A study using cells from a plant species, Arabidopsis thaliana, has shown that RAD50 
mutants suffer from dramatic telomere shortening resulting in cell crisis and subsequent cell 
death (Gallego and White 2000). Rare surviving mutant cells show elongated telomeres 
suggesting activation of alternative mechanism(s) for telomere maintenance. Interestingly, 
RAD50 defective mice did not show any effects on telomere maintenance (Adelman et al., 
2009). In contrast to this, a human squamous carcinoma cell line containing the RAD50 
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dominant negative vector displayed tumor cytotoxicity and telomere shortening (Abuzaid et al., 
2009).     
Finally, several studies investigated effects of BRCA1 on telomeres. It has been shown that 
BRCA1 suppresses telomerase activity by down-regulating hTERT (Xiong et al., 2003). This 
mechanism appears to be mediated by the c-Myc oncoprotein. Consistent with this, BRCA1 
knock-down resulted in elevated telomerase activity and telomere elongation in tumor cells 
(Billal et al., 2009). Furthermore, it has been shown that BRCA1 interacts with TRF1 and 
TRF2 (Billal et al., 2009). This interaction is most likely mediated by one of the MRN complex 
components, namely RAD50. Therefore, BRCA1 may exert its effects on telomeres via the 
MRN complex. Analysis of cell lines from BRCA1 carriers revealed chromosomal 
abnormalities consistent with telomere dysfunction phenotypes (Cabuy et al. 2008, McPherson 
et al., 2006, Al-Wahiby and Slijepcevic, 2005). 
It is important to stress that apart from NHEJ and HR proteins some other proteins involved in 
DNA damage response play a role in telomere maintenance. It is clear from the above outlines 
that the MRN complex plays a role on telomere maintenance. Apart from RAD50, the 
remaining two members of the complex, NBS1 and MRE11, are both found to associate with 
telomeres and exert effects on telomere function (for review see Lamarche et al. 2010).  
One of the key DNA damage signalling proteins, ATM, is also implicated in telomere 
maintenance. The first study to describe effects of ATM on telomeres was that of (Pandita et 
al., 1995). Mice lacking functional ATM show accelerated telomere sequence loss, telomeric 
fusions and extra-chromosomal telomeric fragments (Hande et al., 2001). ATM phosphorylates 
both TRF1 and TRF2 as part of its DNA damage signalling role (Bradshaw et al., 2005). Some 
other DNA damage response proteins play a role at telomere maintenance (for a recent review 
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see Diotti and Loayza 2011). Because of space limitations it would not be appropriate to 
discuss them further.   
1.4 Telomeres, BRCA2 and the ALT pathway 
The significance of telomeres in human pathology is becoming increasingly crucial because of 
their vital role in cellular senescence and carcinogenesis (Blasco and Hahn, 2003). In addition, 
dysfunctional telomeres are a common feature in increasing number of cancer predisposition 
syndromes. A few base pairs (50–200 bp) of telomeric DNA sequence are lost with each cell 
division. This progressive reduction could be compensated for by telomerase, which becomes 
activated in the majority of tumours. Hence, telomerase reactivation allows tumour cells to 
proliferate indefinitely and this at the same time allows mutation accumulation (Chan and 
Blackburn, 2004). 
Most human cancer cases appear to have short telomeres and high levels of telomerase, 
whereas telomerase is absent in most normal somatic tissues (Walne et al., 2007). Based on this 
observation, telomerase is a potentially sensitive biomarker for screening, early cancer 
detection, prognosis and also in monitoring as an indication of residual disease (Kiyono et al., 
1998). 
All this evidence indicates that telomere dysfunction would lead to two outcomes in somatic 
cells depending upon the integrity of checkpoint mechanisms: 1) responding to checkpoints 
with senescence / apoptosis or 2) proliferating which would result in genomic instability. The 
rare cells that continue to proliferate and emerge from crisis which would accumulate 
additional mutations, genetic lesions and inactivate tumour suppressor checkpoints, are the 
ones that will eventually develop cancer in the environment that favours positive selection 
(Figure ‏1.6). 
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Figure ‏1.6 Cellular responses to telomere shortening.  
Once telomeres become shorter below a critical length, and if cell-cycle checkpoints are 
integral, cells activate apoptosis. On the contrary, if cell-cycle checkpoints are avoided, then 
cells will survive and continue proliferating; telomeric attrition therefore leads up to level of 
crisis. Then, if the mechanism of telomere maintenance activates, cells might acquire the 
everlasting but genetically unstable status and continue dividing, gives rise to a tumour. The 
diagram was adapted from (Callen and Surralles, 2004). 
 
Development of cancer is considered to be one of the most important organismal consequences 
of telomere dysfunction (Artandi and DePinho, 2000b). Dysfunctional telomeres primarily 
cause cancer by fuelling the genomic instability that allows the emergence of progressive 
malignant phenotypes. As malignant tumours develop, the resident cancer cells will eventually 
have to employ mechanisms to stabilise telomeres and prevent their erosion in order to survive 
(Levy et al., 1992). Consequently, cancer cells reactivate telomerase on a regular basis (Kim et 
al., 1994) or acquire an alternative mechanism for maintaining telomeres known as ALT 
(Alternative Lengthening of Telomeres) (Dunham et al., 2000) most likely based on 
recombination mechanisms (Reddel et al., 2001).  
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The main aim of this study is to examine the effects of BRCA2, a well-known tumor 
suppressor, on telomeres. Therefore, in the reminder of this section we will focus on the role of 
BRCA2 in various molecular pathways. 
1.5 BRCA2 structure and function  
The BRCA2 gene has a complex genomic structure. It is a compound of 27 exons, which 
generate a large nuclear protein consisting of 3418 amino acids with a predicted molecular 
weight of 384 kDa (Collins et al., 1995). Although BRCA2 shows no strong sequence 
similarity to any other known human protein, certain regions are highly conserved and 
demonstrate a functional importance of BRCA2 in mammalian cells (Warren et al., 2002). In 
humans, eight BRC repeats are known that were located within exon 11, residing in the central 
portion of the protein.  The BRC repeats extend over 1200 amino acids, while each BRC repeat 
is approximately 70 amino acids in length with the core sequence comprised of 26 amino acids 
(Bignell et al., 1997). Each of the eight BRC repeats in human BRCA2 have been shown to 
have the ability of binding RAD51 recombinase, the homolog of the bacterial RecA and yeast 
Rad51 (Sung et al., 2003) (see Fig 1.7). 
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Figure ‏1.7 Schematic diagram of the BRCA2 protein.  
N-terminus interacting region (pale blue), eight BRC repeat motifs (purple), H, helical domain 
(light red), OB oligonucleotide binding fold (red), RAD51 binding site at the c-terminus (blue) 
and NLS nuclear localization signal (black). At the extreme C-terminus, there are at least two 
nuclear localization signals (NLS) that are important for BRCA2’s function as a nuclear protein 
(gray). These and other observations suggest that BRCA2, through cooperation between the 
BRC repeats and the OB domains, can target RAD51 to dsDNA/ssDNA junction at double 
strand breaks in order to promote repair through HR. The diagram was adapted from (Powell 
and Kachnic, 2003). 
 
However each repeat exhibits a varying affinity for RAD51, such that the four BRC repeats 
located at the 5’ region of exon 11 bind RAD51 more strongly than the four repeats at the 3’ 
end of the exon (Chen et al., 1998b). This interaction points to the critical role of BRCA2 in 
HR. HR mechanism is involved in many core reactions in cells such as mitosis, meiosis 
(Helleday, 2003) DSB repair (Lundin et al., 2002; see also previous section) and restarting 
stalled DNA replication fork (Liang et al., 1998), suggesting the involvement of BRCA2 in 
these pathways (see Figure ‏1.8). In addition, HR has been demonstrated to be the mechanism 
behind ALT (Roth et al., 1997). 
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Figure ‏1.8 Model for BRCA2 function in HR. 
DNA damage or replication arrest cause DSBs that activate signalling mechanisms 1) DSBs are 
resected 2) by exonuclease activity (as shown by ) to generate single strand (ss) DNA tracts. 
Following activation of RAD51 (marked by green diamond) a nucleoprotein filament will be 
formed on ssDNA that mediates homologous pairing 4) followed by strand extension 5) 
exchange and repair 6) Phosphorylation of BRCA2 (gray circle) may permit the removal of 
RAD51 from the DNA. Diagram adapted from (Venkitaraman, 2002).  
 
1.5.1 Interacting partners of BRCA2 
Fanconi anaemia (FA) is a rare autosomal recessive disorder characterised by cancer 
susceptibility and cellular hypersensitivity to DNA cross linking agents, such as mitomycin C 
(MMC) and cisplatin (Grompe and D'Andrea, 2001). At least 13 genes are known to be 
responsible for FA (FANCA, FANCB, FANCC, FANCD1, FANCD2, FANCE, FANCF, 
FANCG, FANCI, FANCJ, FANCL, FANCM and FANCN) and mutation in each one of them 
can cause this genetic disease (Howlett et al., 2002). An improvement in understanding BRCA2 
function came from the realisation that BRCA2 is actually one of the FA proteins, known as 
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FANCD1 (Alter et al., 2007). Howlett et al have shown that cell lines derived from FANCD1 
patients had biallelic mutations in BRCA2 and that reintroduction of BRCA2 cDNA into these 
cell lines rescued MMC hypersensitivity (Howlett et al., 2002). In line with these findings, 
BRCA2 (-/-) tumour cells display MMC hypersensitivity and chromosome instability, similar 
to the phenotype observed in cells from FA patients (Patel et al., 1998). 
The murine Brca2 gene disruption has resulted in mice exhibiting FA-like phenotype (Connor 
et al., 1997). It is suggested that BRCA2 and other FA proteins co-operate in a common DNA 
damage response pathway (Kennedy and D'Andrea, 2005), thus explaining the similarity in 
clinical features between FA patients bearring BRCA2 mutations and other subtypes of FA 
patients. The FANCD1/BRCA2 pathway for DNA repair is based on the co-localisation and 
interaction between the monoubiquitinated FANCD2 and FANCD1/BRCA2 in DNA damage 
foci (Wang et al., 2004).  
The N-terminal region in BRCA2 harbours interaction sites for two proteins, partner and 
localiser of BRCA2 (PALB2 also known as FANCN) (Xia et al., 2006, Sy et al., 2009), and 
EMSY, the putative oncogene (Hughes-Davies et al., 2003). PALB2 has been proven to be a 
nuclear partner of BRCA2 while creating strong and stable associations with certain nuclear 
structures. PALB2 enables BRCA2 localisation, accumulation and function in the nucleus, as it 
allows BRCA2 to escape from proteasome-mediated degradation. Moreover, PALB2 has been 
shown to have a role in HR repair through its ability to recruit BRCA2 and RAD51 to DNA 
breaks (Xia et al., 2006).  Sy et al., (2009) have further expanded PALB2’s role by showing 
that PALB2 precipitates with BRCA1 and BRCA2 and forms a functional complex in vivo, 
which is targeted to DNA damage sites. This study has also revealed that PALB2 functions as a 
molecular scaffold in the formation of BRCA1-PALB2-BRCA2 complex that is involved in 
HR repair and cell survival.     
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The data from this study suggested that PALB2, via direct interaction with BRCA1, can 
influence BRCA2-RAD51 function in HR, thereby contributing to genomic stability. In line 
with this suggestion, various germ-line BRCA2 missense mutations were identified in breast 
cancer that demonstrated disability of binding PALB2, as well as a failure to exert functional 
HR. Furthermore, cells containing mutation that interfered with BRCA1-PALB2 interaction 
showed defective HR repair (Sy et al., 2009).  
The EMSY protein is capable of binding BRCA2 within exon 3 that contains the 
transactivation domain (Hughes-Davies et al., 2003). This interaction has been shown to silence 
the activation role of BRCA2 through association with chromatin remodelling proteins. An 
especially interesting finding shows that EMSY is amplified in many cases of sporadic breast 
cancer and high-grade ovarian cancer (Hughes-Davies et al., 2003). This finding suggests a 
possible mechanism for BRCA2 inactivation without the requirement for BRCA2 mutation and 
may explain the infrequent BRCA2 somatic mutations in sporadic cancers (Hughes-Davies et 
al., 2003). Linking BRCA2 and EMSY to DNA repair, both proteins were shown to localise to 
DNA damaged sites; however the EMSY role in the repair mechanism is still unclear. 
An interesting relationship was reported between P63/P73 and BRCA2. P63 and P73 could 
bind to the promoter region of BRCA2 gene (as well as RAD51) and transactivate its 
transcription (Lin et al., 2009). In addition, mouse cells lacking P63 or P73 were unable to 
repair DNA damage resulting in reduced survival. Moreover, P63+/- and P73+/- mice 
developed mammary tumours while losing their wild type allelic expression (Lin et al., 2009). 
These results suggest that P63 and P73 function as tumour suppressors and this function may 
be related to their ability to transcriptionally regulate genes that are involved in the DNA repair 
pathway. 
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1.5.2 BRCA2 function during cell cycle 
Cancer is a genetic disease characterised by accumulating mutations and chromosomal 
instability. Chromosomal aberrations may include numerical changes, such as aneuploidy, and 
structural changes, such as translocations, amplifications and deletions. Therefore, it is essential 
to understand the relationship between chromosome aberration and cancer, which may offer 
diagnostic and therapeutic tools in the future. Cells with mutant BRCA2 protein, similarly to 
most cancer cells, are genetically unstable, presenting high frequencies of chromosomal 
rearrangements (Yu et al., 2000). BRCA2 homozygous mutant mouse embryo fibroblasts 
undergo spontaneous chromosome breaks while in some cells centrosome amplification and 
aneuploidy have been observed (Yu et al., 2000, Tutt et al., 1999).  
Additionally, dividing cells with defective BRCA2 give rise to random chromosomal 
translocations that promote genetic instability due to the accumulation of DSBs (Scully and 
Livingston, 2000). The main explanation of these phenomena may be the essential role of 
BRCA2 in HR, an error-free DSB repair mechanism, which becomes 100-fold reduced when 
BRCA2 is dysfunctional (Connor et al., 1997, Chen et al., 1998b, Moynahan et al., 2001). The 
importance of BRCA2 in HR and genomic integrity is further supported by a study conducted 
by (Tutt et al., 2001), which have illustrated that the loss of BRCA2 increased error-prone DSB 
repair pathways, such as gene conversion with unequal cross-over or single strand annealing, as 
well as increasing intra-strand cross-linking. This leads to a considerable genomic instability 
and contributes to tumourigenesis. 
Several lines of evidence indicate that stalling of replication forks is a regular event at sites of 
DNA lesions (Cox et al., 2000). Normally, this stalling does not generate DNA breaks, due to a 
mechanism that stabilises stalled replication forks. HR is required to restart blocked replication. 
The high incidence of DSBs in cells containing impaired BRCA2 is suggested to be due to 
BRCA2 involvement in the stabilization of stalled DNA replication forks and HR (Lomonosov 
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et al., 2003). BRCA2 has been shown to co-localise with BRCA1 in dividing cells (Chen et al., 
1998a). These two proteins physically interact with each other through a region in BRCA1, 
ranging from residues 1314 to 1863. This interaction appears to be involved only a minor 
fraction of the total BRCA2 pool (Wang et al., 2000). 
Chromosomal stability and segregation are monitored and maintained by mitotic checkpoint 
proteins that can arrest mitosis and repair damaged spindles when necessary (Paulovich et al., 
1997). Defects in these proteins lead to genomic instability and the promotion of cancer 
development (Paulovich et al., 1997, Roberts et al., 1994).  The yeast two-hybrid system has 
revealed an interaction between BRCA2 and the mitotic checkpoint protein, hBUBR1, which 
regulates the transition from metaphase to anaphase (Powell and Kachnic, 2003). Furthermore, 
BRCA2 is phosphorylated by hBUBR1 in vitro. Following co-transfection of both proteins into 
the cos7 cell line and nuclear staining, both proteins were found in the nuclei of cells whose 
spindle fibres were disrupted, but not in undamaged cells (Futamura et al., 2000). These results 
suggest that BRCA2 might be involved in a mitotic checkpoint.  
Moreover, BRCA2 has been shown to take part in the formation of  high molecular weight 
protein complex together with the evolutionary conserved protein BRCA2-Associated Factor 
35 (BRAF35) (Marmorstein et al., 2001). BRAF35 is a DNA binding protein with a similar 
pattern of expression as BRCA2 during embryogenesis. The highest level of its expression is 
found in rapidly dividing cells during the early stage of chromosome condensation. An analysis 
of condensed chromosomes and their comparison with mitotic chromosomes, for the presence 
of BRCA2 and BRAF35, has revealed the co-localisation of both proteins in mitotic 
chromosomes. In support of this, an antibody against BRCA2 delayed metaphase progression 
(Marmorstein et al., 2001, Kerr and Ashworth, 2001). These results suggest the BRCA2 role 
during mitosis.  
                                                                                       Chapter-1: General Introduction 
29 
 
A proposed role of BRCA2 in meiosis is based on its interaction with DMC1 protein, a 
meiosis-specific recombinase (Thorslund et al., 2007). This interaction occurs through a highly 
conserved region in BRCA2 that is comprised of 26 amino acids and is distinct from the 
RAD51 interaction domain. The existence of two distinct interaction regions for RAD51 and 
for DMC1 enables the interaction of both recombinases with BRCA2 during meiosis. 
1.5.3 BRCA2 mutations   
Germline mutations in either BRCA1 or BRCA2 account for 20-60% of familial breast cancer 
cases (Nathanson et al., 2001). Mutations in these genes are highly penetrant, thus increasing 
the life-time risk for cancer onset to 30-70% (Ford et al., 1998). Over 100 different germline 
mutations in BRCA2, which are associated with cancer susceptibility, have been identified. 
These mutations are spread throughout the BRCA2 coding sequence, with a tendency to 
concentrate in the 3’ half of the BRCA2 gene that might be associated with increased disease 
onset (Rahman and Stratton, 1998). 
Most BRCA2 mutations result in truncated BRCA2 protein due to small deletions or insertions 
that generate a translation frameshift, or faulty splice sites. More than 70% of these mutations 
involve one or two nucleotides that are located within a repetitive sequence, suggesting that 
their generation is caused by DNA polymerase slippage during DNA replication. In addition, 
many missense and nonsense alterations have been described. However, only a few mutations 
that result in amino acid substitution have been reported (Rahman and Stratton, 1998, 
Gudmundsson et al., 1995). 
Some BRCA2 mutations are very common in specific populations. For example in Ashkenazi 
Jews, the germline 6174delt mutation that results in truncated BRCA2 protein due to insertion 
of premature stop codon is estimated to be present in 1% of the population and is reported to 
correlate with breast, ovarian and prostate cancer (Oddoux et al., 1996). 
                                                                                       Chapter-1: General Introduction 
30 
 
In the Icelandic population the BRCA2 mutation 999del5, accounts for 40% of male breast 
cancer and approximately 8% of female breast cancer (Thorlacius et al., 1997, Mikaelsdottir et 
al., 2004). This mutation is found in more than 75% of families with more than four breast 
cancer cases (Thorlacius et al., 1997). It has been suggested that 999del5 mutation that 
generates unstable protein increases the risk of breast cancer, since it causes haploinsufficiency 
at the BRCA2 locus (Thorlacius et al., 1997, Mikaelsdottir et al., 2004). Additional common 
BRCA2 mutations in selected populations or groups include Dutch -5579insa (Verhoog et al., 
2001), French Canadian and Italian-8765delAG (Tonin et al., 1999, Pisano et al., 2000), 
Scottish and Northern Irish-6503delTT (Scottish/Northern Irish BRCA1 and BRCA2 
Consortium 2003) and Pakistani 3337C>T mutation (Liede et al., 2002). 
Tumour suppressor mutations are mainly recessive in nature, since one intact allele is usually 
sufficient to exert its function, thus a requirement for mutation in both alleles within a single 
cell is needed for neoplastic transformation to occur. There are several mechanisms which can 
cause a cell to lose its normal gene and be predisposed to develop into a tumour. These may 
result in a loss of heterozygosity (LOH). BRCA2 is believed to be a tumour suppressor gene 
(TSG) and indeed, BRCA2 mutation carriers almost invariably exhibit LOH while retaining the 
mutant allele.  
For example, 30-40% of sporadic breast and ovarian cancers showed LOH on chromosome 
13q12-q13 (Cleton-Jansen et al., 1995). Therefore, it is surprising that somatic mutations in 
BRCA2 are an infrequent event in sporadic breast cancer (Lancaster et al., 1996). However, 
this does not refute the notion that BRCA2 protein is involved in cellular functions that are 
impaired in most breast cancers, or that BRCA2 functions as TSG. A possible explanation for 
this contradiction is that BRCA2 inactivation occurs through mechanisms other than somatic 
mutation, or more likely that other regulators or proteins functionally linked to BRCA2 are 
genetically altered, thereby exerting the same effect as the BRCA2 loss. An example would be 
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the loss of RAD51 or p73 (Kato et al., 2000, Leong et al., 2007, Nowacka-Zawisza et al., 
2008). 
In addition to breast cancer, BRCA2 is involved in the tumorigenesis of several other cancer 
types. LOH on chromosome 13q12-q13 in 50 tumours from BRCA2 carriers has been 
examined and results demonstrated a high frequency of LOH in tumours of the prostate, ovary, 
cervix, colon, male breast cancer and urethra, thus implicating BRCA2 as TSG in these cancers 
(Gudmundsson et al., 1995). In addition, BRCA2 mutations may increase the risk of laryngeal, 
pancreatic, ocular melanoma and perhaps stomach cancer, thyroid cancer, leukaemia, gall-
bladder cancer and cancer of the fallopian tube (Rahman and Stratton, 1998, Wooster et al., 
1995). 
1.5.4 BRCA2 absence for therapy 
Most commonly used chemotherapeutic agents, as well as radiotherapy, aim to cause DNA 
damage and subsequent cell death. Affected cells respond to DNA damage by activating 
multiple pathways, including DNA repair, cell cycle arrest and apoptosis, depending on the 
damage extent and the types of DNA damage. It is well understood that cancer is a genetic 
multistep disease, typically arising due to mutational activation or inactivation of oncogenes 
and/or TSGs respectively. Some of these mutations result in alteration and dysfunction of 
proteins involved in DNA repair pathways, a central mechanism of maintaining genomic 
integrity. Therefore, treatment designed to target cells with a defective repair system may be 
lethal to cancer cells while sparing normal cells. The absence of error-free DSB repair 
mechanism due to an impaired BRCA2 gene was proven to be the Achilles' heel of BRCA2 
deficient tumours (Sharan et al., 1997). Therapeutic strategies designed to target the DSB repair 
pathway constitute a useful therapeutic approach (Kelland, 2007, Farmer et al., 2005). 
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PARP is an enzyme involved in base excision repair (BER), a central pathway in the repair of 
DNA Single Strand Breaks (SSBs). Inhibition of PARP was shown to sensitise cells containing 
dysfunctional BRCA2, leading to chromosomal instability and subsequent cell death (Fong et 
al., 2009, Farmer et al., 2005). The proposed mechanism suggests that PARP inhibition initially 
leads to the accumulation of DNA SSBs. 
When these SSBs encounter the replication fork, the consequence might be the creation of 
DNA DSBs. Normally these DSBs are repaired by error-free RAD51-dependent HR repair 
pathway, in which BRCA2 is involved. However, when BRCA2 is absent, the replication fork 
cannot be restarted and collapses resulting in failed DSB repair. Repair of these breaks then 
occurs by alternative error-prone mechanisms such as single-strand annealing and/or NHEJ that 
cause numerous chromosomal aberrations and eventually cell death (Fong et al., 2009) (see 
Figure ‏1.9). 
This concept of synthetic lethality, using PARP 1 inhibitor such as AstraZeneca compound 
AZD2281 (Evers et al., 2008) and the Pfizer compound AGO14699 (Plummer et al., 2008), 
showed strong effects in BRCA2 deficient cells with no additional toxicity. Moreover, an 
increased cytotoxicity was observed when combined with different drugs such as cisplatin and 
temozolomide. 
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Figure ‏1.9 Model of therapeutic strategy designed to target the DSB repair pathway. 
This diagram demonstrates the sequence of events following DNA damage which can be 
targeted for the design of therapeutic intervention. After DNA damage, the cell can either die 
(apoptosis) or subjected to repair by the BER mechanism. As a result of inhibiting PARP 
enzyme the BER pathway cannot take place and the amount of SSBs increases. When SSBs 
encounter the replication fork, DSBs are formed and cannot be repaired by HR due to BRCA2 
mutation. DSBs will accumulate, leading to chromosomal instability and an elevated number of 
aberrations causing cell death. The diagrams were adapted from (Fong et al., 2009). 
      
1.6 Role of ALT mechanism for telomeres maintenance 
As discussed earlier telomeres cap the end of chromosomes in order to prevent DSB repair 
mechanisms from activation, hence protecting chromosome integrity (Zakian, 1995, Wai, 
2004). It has been demonstrated that telomeres are important in preventing the loss of genomic 
information in the eukaryotic linear nuclear genome, which cannot be completely replicated by 
the conventional DNA polymerase (Watson, 1972, Harley et al., 1990). Therefore, in normal 
human cells, telomeres shorten with each round of DNA replication; a phenomenon described 
in the 1970s by Olovnikov A.M (Olovnikov, 1971) as well as by James D. Watson and termed 
                                                                                       Chapter-1: General Introduction 
34 
 
the “end replication problem”. The shortening of telomeres leads to a permanent growth arrest 
called senescence (Harley et al., 1990). Therefore, cells with extensive replication potential 
such as germ line, stem cells and tumour cells must overcome the loss of telomeric sequences.  
De novo synthesis of telomere at the chromosome’s terminus is mainly carried out by 
telomerase; an enzymatic ribnucleoprotein complex, which functions as an RNA-dependent 
DNA polymerase (Greider and Blackburn, 1985). An additional mechanism, known as ALT, 
was found in cells that do not possess telomerase activity and yet are able to maintain telomere 
length for many populations doubling (Bryan et al., 1997, Dunham et al., 2000). 
Almost all tumour cell lines bypass cellular senescence and DNA damage-signalling pathway 
leading to extended growth followed by genomic instability and possible activation or 
upregulation of telomerase (Shay and Keith, 2008).  About 85-90% of all human cancers were 
shown to have increased telomerase activity (Greider and Blackburn, 1996), which implicated 
telomerase in the pathogenesis of cancer and is therefore the main target for developing anti-
cancer therapies. Even though ALT mechanism is not as common as upregulation of 
telomerase, it has been reported to maintain telomeres in approximately 30-40% of 
immortalized human cell lines and 10-15% of human tumours (Bryan et al., 1997, Bryan et al., 
1995, Bryan and Reddel, 1997). In addition, ALT was shown to be more prevalent in tumours 
of mesenchymal origin such as glioblastoma multiforme, osteosarcomas and some soft tissue 
sarcomas (Hakin-Smith et al., 2003, Henson et al., 2005). 
An understanding of ALT’s features, mechanism and regulation is very important for the 
development of anti-cancer drugs for several reasons. First, targeting telomerase as a 
therapeutic strategy may result in a selective pressure shifting telomere elongation towards the 
ALT mechanism, which means that an inhibition of both mechanisms would be required for 
therapeutic effect. Second, repression of ALT in ALT-dependent immortal cell lines has been 
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shown to result in senescence and subsequent cell death (Perrem et al., 1999). Finally, since 
ALT is more common than telomerase in specific tumour types (see above) and it is suggested 
to have good prognosis value (Hakin-Smith et al., 2003), it may offer a strategy for 
individualised therapy, tailored to the patient’s specific tumour features. 
1.6.1 Phenotypes of ALT cells 
ALT-dependent cells, as opposed to telomerase positive human cancers or non-cancerous 
immortal cells are characterised by the presence of heterogeneous telomere length (Henson et 
al., 2002).  An analysis of telomeric DNA from ALT cell lines has indicated that, within ALT 
cell population, the telomeric DNA ranges from <2 to 50 kb in length (mean size 20 kb). In 
addition, ALT telomeres are highly unstable, demonstrating dynamic changes in telomere 
length, with both rapid elongation and rapid deletion events, and multiple truncated telomeres 
(Murnane et al., 1994).  A substantial portion of the telomeric repeats in ALT cells are 
extrachromosomal and may be linear or circular in form, including double-stranded telomeric 
circles (t-circles) or single-stranded circles (C or G circle) (Lustig, 2009). 
A novel form of promyelocytic leukaemia nuclear bodies (PML-NBs) (Yeager et al., 1999) are 
distinguished from other PML-NBs by the additional ALT-specific content; they are termed 
ALT-associated PML bodies (APBs). The APBs include telomeric DNA and telomeric binding 
proteins, TRF1 and TRF2 (Bernardi and Pandolfi, 2007, Yeager et al., 1999).  
Moreover, APBs were found to contain and co-localise with proteins involved in DNA 
recombination, repair and replication, such as the Bloom Syndrome protein (BLM), RAD50, 
RAD51, RAD52 and RPA (Bernardi and Pandolfi, 2007), some of which are required for 
telomere maintenance, suggesting that ALT activity may occur in these nuclear structures.  
High levels of APBs are found, in addition to the S phase, in mitotic cells that are in the G2-M 
phase (Grobelny et al., 2000), indicating that regulation of APB formation may be co-ordinated 
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with cell cycle, and further supporting the notion of APB involvement in telomere maintenance 
via the ALT pathway. In agreement with this, when ALT activity was inhibited, a decrease in 
APB-containing cells was observed (Zhong et al., 2007). 
In contrast, several lines of evidence suggest that APBs are not involved in the ALT 
mechanism of telomeric maintenance. For example, cell lines that did not express telomerase 
but still maintained telomere length (presumably by ALT mechanism) had no detectable APBs 
(Cerone et al., 2005). In addition, it has been shown that large numbers of APBs are formed in 
ALT negative cells undergoing cell cycle arrest or senescence (Jiang et al., 2009). A possible 
explanation for the latter may be that in the reported study, drugs were used to induce stress 
conditions, in order to achieve cell cycle arrest, thus APB formation may be associated with 
stress conditions, which are not normally present. 
A high rate of post-replicative telomeric sister chromatid exchanges (T-SCEs) is another 
feature of ALT-cells. T-SCEs were reported to occur more frequently in ALT cells compared to 
telomerase-positive cell lines without an increase in sister chromatid exchange (SCE) rate in 
other genomic locations (Lundberg et al., 2011). Indeed, when telomerase was inhibited in a 
human cell line with a mismatch repair defect in order to induce ALT-like telomeric 
elongation, it was associated with T-SCEs in all examined cells (Henson and Reddel, 2010). 
1.6.2 ALT Mechanism 
The presence of proteins in APB structures that are involved in HR such as RAD51 and 
RAD52 (Henson and Reddel, 2010), as well as the presence of RAD50/Mre11/Nbs1-complex 
(Zhong et al., 2007), which is involved in cell cycle check point control and DNA damage 
repair, has pointed to the possibility that HR is the central mechanism for telomere elongation 
in ALT cells.  
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Even though the precise mechanism of telomere maintenance in ALT cells is not yet fully 
understood, two mechanisms, both of which are based on HR, have been suggested. Based on 
the observation of high rate T-SCEs in ALT cells (Londono-Vallejo et al., 2004, Bechter et al., 
2004), it was suggested that T-SCEs occur in an unequal manner, resulting in the elongation of 
one telomere and shortening of the other, hence leading to unlimited cellular proliferation 
(Bailey et al., 2004). However, no experimental evidence yet exists for this model. Generally, 
SCE is thought to occur due to the recombinational repair of a broken replication fork (Wilson 
and Thompson, 2007). A large number of internal gaps and/or nicks that can cause stalling of 
replication fork and activation of the HR repair pathway were found in the telomeric DNA of 
ALT cells (Nabetani and Ishikawa, 2009) and thus may result in T-SCEs.  
An alternative hypothesis is that the ALT mechanism is based on classical HR that occurs 
during DNA replication (Henson et al., 2002, Dunham et al., 2000).  According to this model, 
ALT cells are able to elongate their telomeres using telomeric sequences from adjacent 
chromosomes as a template for newly synthesised telomeric DNA by HR. This suggestion is 
consistent with the evidence showing that when a DNA tag was placed into the telomere of 
ALT cells, after several populations doubling, the tagged telomere was copied onto other 
telomeres, in contrast to telomerase positive cells (Dunham et al., 2000). Two models are 
shown in (Figure ‏1.10). 
In addition, two proteins (ATRX and DAXX) play multiple cellular roles, including chromatin 
remodelling at telomeres and localize to telomeres where they are involved with the histone 
variant H3.3 (Goldberg et al., 2010, Lewis et al., 2010), and mutations in both gene were found 
to correlated with features in ALT positive cells including paediatric glioblastomas, pancreatic 
neuroendocrine tumours (PanNETs) and other tumours of the central nervous system, 
suggesting that these mutations probably contribute to the activation of the ALT mechanism 
(Lovejoy et al., 2012, Heaphy et al., 2011). The function of histone H3.3 and ATRX/DAXX at 
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telomeres is still unknown, but diminished ATRX function has been documented to boost 
telomeric DNA (TTAGGG) repeat containing telomeric transcripts (Azzalin et al., 2007). 
Furthermore, Law’s groups (2010) have shown that chromatin localization of DAXX and 
ATRX imply that the both proteins specifically bind to G-rich repetitive sequences such as 
telomeres (Lower et al., 2010).  
 
 Figure ‏1.10 Two models of ALT.  
A) ALT mechanism is thought to be based on unequal sister chromatic exchanges (SCEs) 
events. This can result in lengthened telomere of one daughter cell, which prolongs its 
proliferative ability, and shortened telomere of another daughter cell, decreasing its 
proliferative ability. B) An alternative mechanism devised for ALT is based on HR during 
DNA replication. In this mechanism telomeres from adjacent chromosomes can serve as a 
template for new telomere synthesis. The diagram was adapted from (Cesare and Reddel, 
2010). 
 
Alternatively, telomeres can copy themselves via t-loop formation (Figure ‏1.11 A); the single 
strand overhang is able to fold back, invade the double-stranded telomeric DNA tract and 
anneal to the complementary strand (Griffith et al., 1999). Additional options for copy 
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templates include sister chromatid (Figure ‏1.11 B) and extrachromosomal telomeric DNA 
(either linear or circle) (Muntoni et al., 2009) (Figure ‏1.11 C and D). 
 
Figure ‏1.11 Alternative copy templates for recombination-mediated synthesis of telomeric 
DNA. ALT mechanism based on homologous recombination may utilise, in addition to the 
adjacent chromosome, alternative templates such as A) t-loop formation B) the telomere of the 
sister chromatid C) linear extrachromosomal telomeric DNA D) circular extrachromosomal 
telomeric DNA. The light grey arrow indicates the site of putative cleavage of the C-rich 
strand. The diagrams were adapted from (Cesare and Reddel, 2010). 
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1.7 BRCA2 and ALT pathway 
Direct evidence that linked BRCA2 and ALT mechanism has been provided by Spardy et al 
(Spardy et al., 2008), who reported on the presence of BRCA2 in APBs induced by HPV-16 E7 
oncoprotein. HPV-16 E7 induced APBs contained ssDNA and proteins that are involved in the 
response to replication stress including FANCD2 and BRCA2 itself. 
Moreover, the presence of RAD51, BRCA2 main interaction protein, in APBs (Yeager et al., 
1999) reinforces the idea of BRCA2 involvement in the ALT mechanism. In support, APBs are 
suggested to be the site in which telomere elongation takes place in ALT positive cells. An 
additional associative link between BRCA2 and ALT comes from the notion that the ALT 
mechanism may be based on HR and the fact that BRCA2 plays an important role in HR. 
Additional evidence obtained in Dr Slijepcevic’s laboratory has shown elevated levels of T-
SCEs, one of the ALT markers, in a FA patient with biallelic mutation in BRCA2/FANCD1 
(Sapir et al., 2012). 
Indirect evidence that links BRCA2 to the ALT mechanism has come from a study that 
examined the localisation and effect of the FA proteins, FANCD2 and FANCA, on the ALT 
mechanism (Fan et al., 2009). This study has shown that in ALT positive cells, FANCD2 co-
localised at nuclear foci with telomeres and PML bodies, but not in cells that expressed 
telomerase. Moreover, transient knockdown of FANCA or FANCD2 resulted in a sharp 
decrease of telomere length, as well as in reduced T-SCE frequencies. These results have been 
obtained only in ALT positive cells and not in telomerase expressing cells.  
These works lead us to examine whether indeed there is a relationship between BRCA2 and the 
ALT mechanism and how this could be exploited for therapeutic intervention.  
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1.8 Objectives of the study 
 
It has been well documented that dysfunctional BRCA2 leads to chromosomal instability. 
Given that telomeres serve to maintain chromosomal stability, it is of interest to study whether 
chromosomal instability triggered by BRCA2 dysfunction will affect telomere maintenance. 
Therefore, this PhD project has three main aims: 
i.  To create a BRCA2 defective environment using different human cell lines as a 
platform and examine subsequent telomere phenotype. 
ii. To examine telomere phenotypes in Chinese hamster and human cell lines defective in 
BRCA2. 
iii. To examine effects of BRCA2 dysfunction on the repair of interstitial telomeric 
sequences. 
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2.1 Cell lines and tissue culture conditions 
 
A total of fifteen established cell lines have been used in this project (Table 2.1). Most cell 
lines have been selected for their deficiencies in DNA damage response such as BRCA2 
deficient cell lines. Mouse lymphoma LY-S (radio- sensitive) and LY-R (radio-resistant) cell 
lines were used as a reference for cytological testing of telomere length measurements using Q-
FISH techniques. The proteins from the PC3 cell line were used to set up a calibration curve for 
the real-time PCR TRAP assay. 
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Table  2-1 List of cell lines used in this project. 
 
Cell line Species Origin Source 
HeLa 
 
Human 
 
Cervical carcinoma; 31 
years old female 
ATCC (American Tissuce 
Culture Collection) 
U2OS 
 
Human Osteosarcoma; 15 years 
old female 
ECCC (European 
Collection of Cell 
Cultures) 
MCF-7 
 
Human Breast carcinoma Professor Newbold group 
(Brunel University) 
Capan-1 
 
Human 
 
Pancreatic 
adenocarcinoma;  
BRCA2 defective 
HTCC 
GM00893 Human 
 
Lymphoblastid; 32 year 
old normal female 
Coriell Cell Repositories 
GM14170 
 
Human 
 
Lymphoblastoid; 46 
years old BRCA2 carrier 
female 
Coriell Cell Repositories 
GM14622 
 
Human 
 
Lymphoblastoid; 39 
years old BRCA2 carrier 
female 
Coriell Cell Repositories 
V79B 
 
Chinese hamster Lung fibroblasts Leiden University (Dr. M. 
Zdzienicka’s group) 
V-C8 
 
Chinese hamster Derived from V79B; 
BRCA2 defective 
mutant 
Leiden University (Dr. M. 
Zdzienicka’s group) 
V-C8+ BACA2 
 
Chinese hamster 
 
Transfected with 
bacterial artificial 
chromosome (Bac) 
containing functional 
mouse BRCA2 gene 
Leiden University (Dr. M. 
Zdzienicka’s group) 
V-C8+13# 
 
Chinese hamster Contains a copy of 
human chromosome 13 
with the functional 
BRCA2 gene 
Leiden University (Dr. M. 
Zdzienicka’s group) 
LY-R 
 
Mouse Lymphoma, 
Normal radiosensitive  
 
Lymphoblastoid Dr Andrzej Wojcik, 
University of Warszaw, 
Poland 
LY-S 
 
Mouse Lymphoma, 
radiosensitive  
 
 
Derived from LY-R; 
radiosensitive due to 
unknown molecular 
defect 
Dr Andrzej Wojcik, 
University of Warszaw 
Poland 
PC3 Human Prostate adenocarcinoma Professor Newbold group 
(Brunel University) 
PC3/hTERT Human Derived from PC3; 
telomerised 
Professor Newbold group 
(Brunel University) 
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2.2 Cell culture and tissue culture methodology 
2.2.1 Human adherent cell lines 
The U2OS cell line was grown in McCoy’s 5a medium (Fisher), supplemented with 10% foetal 
bovine serum (Gibco/Sigma) and 2mM glutamine (Sigma) in the atmosphere of 10% CO2 at 
37
oC. The HeLa cell line was grown in Dulbecco’s modified Eagle medium (DMEM) (Sigma), 
supplemented with 10% foetal bovine serum (Sigma) at atmosphere of 10% CO2 at 37
o
C. The 
MCF7 cell line was grown in Dulbecco’s modified Eagle medium (DMEM) (Sigma), 
supplemented with 2mM Glutamine, 5µg/ml insulin and 10% foetal bovine serum. The PC-3 
cell line was cultured in Ham’s F12k medium supplemented with 2 mM L-glutamine adjusted 
to contain 10% FBS in an atmosphere with 5% CO2. The Capan-1 cell line was established 
from a hepatic metastasis in a patient with pancreatic adenocarcinoma (Fogh et al., 1977) and 
completely lacking one BRCA2 allele and containing a truncation (6174 delT) mutation in the 
other allele leading to a truncated protein product (Goggins et al., 1996). Capan-1 cells were 
cultured in RPMI 1640 (Gibco/Invitrogen) medium, supplemented with 10% of foetal calf 
serum and 2% L-glutamine with 5% carbon dioxide in air and cells were sub-cultured every 
two days. In order to avoid contamination, Streptomycin and Penicillin (1µl per 100 ml 
medium) were added all media. 
2.2.2 Human lymphoblastoid cell lines 
All human lymphoblastoid cell lines were grown in RPMI 1640 medium (Gibco/Invitrogen) 
containing 10% foetal calf serum and 0.1 mg/ml of streptomycin at 37
o
C in the atmosphere of 
5% CO2.   
2.2.3 Mouse lymphoma cell lines 
Mouse lymphoma cell lines were grown in standard tissue culture conditions by using RPMI 
1640 medium (Gibco/Sigma) and 10% foetal calf serum with 0.1mg/ml of streptomycin at 37
o
C 
in the atmosphere of 5% CO2. Cells were sub-cultured at the ratio 1:5 every 3-4 days.  
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2.2.4 Chinese Hamster cell lines 
All Chinese hamster cell lines were cultured in Ham-F10 medium (Gibco/Sigma), 10% foetal 
calf serum, 1% of penicillin and streptomycin at 37
o
C in the atmosphere of 5% CO2. However, 
cell lines containing human chromosome 13 (V-C8 Chrom) and the BAC with murine Brca2 
(V-C8 Bac) were grown in the presence of Geneticin (G418, Sigma) for selection. Cells were 
subcultured at ratio of 1:3 every 3-4 days. Additionally, all cells were cryopreserved in 90% 
FBS and 10% DMEM. 
2.2.5 Tissue culture procedure  
All cell lines were kept frozen in liquid nitrogen. When required vials of frozen cells were 
thawed and set up in either 25cm
2
 or 75cm
2
 tissue culture flasks with filter head (Nunc) to 
avoid any contamination. Cells were incubated in a humidified incubator (Heracell 150) at 
37ºC. The confluent state of tissue culture for most cell lines was at the cell concentration of 
approximately 1x10
6 
viable cells/ml. Once cells reached confluency they were subcultured at a 
ratio of 1:3 – 1:5, depending on the cell line, by gentle trypsinization with trypsin-EDTA 
(Invitrogen) for three to five minutes. After trypsinisation cells were spun down using a 
Megafuge 1.0, Heraeus centrifuge for 5 minutes at 12000rpm. A representative image of semi 
confluent cells is shown in Figure 2.1. 
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Figure  2.1 A typical morphology of HeLa (A) and MCF-7 (B) cells.  
 
2.2.6 Cell Counting 
Cell counting was carried out using both manual and automatic methods. In the manual method 
an ‘Improved Neubauer Haemocytometer’ was used. IMS (Industrial Methylated Spirit) was 
used to clean both the coverslip and the chamber. After drying the coverslip was placed gently 
on the chamber until the Newton ring (rainbow-like optical phenomenon) appeared. A total of 
10µl of thoroughly mixed cell suspension was added into the edge of the chamber and allowed 
to run under the coverslip. The cells were counted as indicated in Figure  2.2.  
The average of the number of sections counted is taken and a formula C= n x 10
4
/ml is used to 
calculate the number of cells. In the above formula C is the concentration and n is the number 
of cells counted.  
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Figure  2.2 Cells within section A; 1, 2, 3 and 4 were counted using the rules as indicated in 
panel B. 
 
For the automatic method a Countess Automated Cell Counter from Invitrogen was used. A 
mix of 10µl of Trypan blue and 10µl of cell suspension was prepared. A total of 10µl was taken 
from the mixture and added on to each side of the slide provided. The slide is then inserted into 
the allocated slot in the machine and the machine automatically calculates the total number of 
cells per ml and indicates how many of those are viable and non-viable. This information is 
displayed on the screen. 
 
Figure 2.3 Image of the countess automated cell counter.  
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2.2.7 Cell Cryopreservation 
 
Before freezing cells were checked for contamination and then trypsinised according to the 
methodology described above, depending on the cell type. In the case of lymphoblastoid cell 
lines trypsonisation was not required. 
The cell suspension was then mixed with 1ml of freezing mixture consisting of 90% foetal calf 
serum (Gibco/Invitrogen) and 10% DMSO (dimethylsulfoxide, Sigma). The cell suspension 
was aliquoted into 1ml cryogenic vials for storage in liquid nitrogen.  Before storing in liquid 
nitrogen vials with cells were stored at -20ºC for 24 hours in a Nalge Nunc Cooler which 
contained Isopropyl Alcohol (IPA). The base insulates the container and gives a cooling rate of 
approximately 1ºC/min in the cryotube.  
2.2.8 Thawing of Cryopreserved cells 
 
The cryopreserved cells were taken out of liquid nitrogen, warmed for 2-3 minutes at 37ºC and 
the contents of the vials were transferred to flasks containing pre-warmed medium. The 
medium in the flasks was changed after 24 hours so as to wash away any DMSO residual. 
2.2.9 Irradiation of cells 
 
Cells were irradiated with ionising radiation using a Cobalt-60 source. Adherent cells were 
irradiated either in non-filtered tissue culture flasks (Nunc, Fisher) for chromosome analysis, or 
on polyprep slides (Sigma) for immuno-cytochemical assays for DNA damage detection (see 
below). At the time of irradiation the cells were at the 80-90% confluence level. Cells were 
exposed to 0.5Gy, 1.0, 2.0 or 4.0 Gy of radiation which was calculated using datasheets 
provided by the physicists in charge of the facility.  
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The formula used to calculate this was: 
            
               
                   
 
Irradiated cells were incubated for different time intervals to allow recovery. 
2.3 Cytogenetic Analysis 
 
2.3.1 Metaphase preparation using adherent cell lines 
 
All adherent cell lines were incubated with 10µg/ml Colcemid (Sigma-Aldrich) for between 
1.5-12 hours, depending on the cell line and the purpose of the analysis. Cells were washed 
with PBS, trypsinised and spun down at 1000rpm for 5 minutes. The cells were then treated 
with 3ml of hypotonic buffer (75 Mm KCl) for 15 minutes at 37ºC. Cells were then fixed with 
1.0 ml of fixative (3 parts Methanol and 1 part Glacial acidic acid). This process was carried 
out 3 times, 10 minutes for the first three times and 30 minutes for the third time. Cells were 
then re-suspended in fresh fixative and 20µl of this suspension was dropped on to the 
microscope slides followed by the addition of 20µl of fresh fixative.  
2.3.2 Metaphase preparation using lymphobastoid cell lines 
 
All lymphoblastoid cell lines were cultured with Colcemid as above with the exception that the 
duration of incubation never exceeded 4.0 hours.  These cells grow at a faster rate and therefore 
do not require colcemid to be added for longer periods of time as described above  2.3.1. The 
rest of the protocol was followed as per  2.3.1.  
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2.3.3 Chromosomal Aberration analysis 
 
This protocol was performed to detect any damage in cells at chromosomal level by staining 
metaphase chromosomes using either DAPI (fluorescence microscopy), or Giemsa (light 
microscopy). Chromosomes were analysed at G1 and G2 stage of the cell cycle.  
Protocols for human and Chinese hamster cells were slightly different. For Chinese hamster 
cells analysis were done as follows. 
 For G1 analyses, cells were irradiated as confluent, sub-cultured and incubated for 16.5 hours. 
Then 10µg/ml colcemid was added for 1.5 hour. The cells were harvested as described in 
section  2.3.2. The duration of one single cell cycle in the case of Chinese hamster cells is 
approximately 18 hours and incubation for 16.5 hours plus 1.5 hour colcemid treatment allow 
capturing of metaphase G1 cells exclusively.  
 For G2 analysis cells were irradiated as semi-confluent and incubated for 2 hours before 
adding Colcemid for 1.5 hour. The rest of the protocol was carried out as described in 
section  2.3.2. The duration of the G2 phase is approximately 4.0 hours. Therefore, all cells that 
enter metaphase 3.5 hours after irradiation will have been irradiated in the G2 phase of the cell 
cycle. For human cells the protocol was essentially the same with the only difference that one 
single cell cycle in human cells is 24 hours. Therefore, for G1 analysis incubation  after 
irradiation and colcemid treatment were adjusted to last exactly 24 hours. There was no 
difference in the case of the G2 analysis.   
2.3.3.1 Chromosomal Aberrations with Giemsa staining 
 
After the metaphase preparation cells were stained with 7% (v/v) Giemsa (Sigma-Aldrich) for 3 
mintues in 5ml of PBS. To achieve better staining the Giemsa stain was filtered using standard 
filter paper (Watman paper). Once the slides were stained with Giemsa they were washed with 
                                                                                                               Chapter-2: Materials and Methods  
52 
 
ddH2O and left to air dry. DPX mountant (BDH laborotaries), a Polystyrene Plasticizer in 
Xylene, was used to mount the cover slips onto the slides. The slides were left for 2 hours to 
dry and then analysed using light microscopy (Zeiss Axioplan 2) equipped with CCD camera 
and Metasystems software (Altlussheim, Germany).   
2.3.4 Chromosomal Aberrations with telomeric probe 
 
After metaphase preparation the cells were dropped on to slides and hybridised with the 
telomeric probe as described below (see section 2.4). 
2.3.5 Micro-nuclei Assay 
 
Exponentially growing cells were treated with 6µg/ml of Cytochalasin B for 48 hours. The cells 
were then centrifuged at 800 rpm for 5 minutes and the supernatant was aspirated. A total of 
3ml of KCL (75mM) was then added to the cells and left at room temperature for 5 minutes. A 
few drops of fixative (Methanol: Acetic Acid; 3:1) were added to the cells, and they were 
centrifuged at 800 rpm for 5mins. After centrifuging the supernatant was aspirated and the cells 
were re-suspended in 500µl of fixative. A total of 400 µl of this suspension was cyto-spun onto 
slides at 800rpm for 5 minutes. The slides were then stained with Giemsa as described in 
section 2.3.3.1. 
2.4 Hybridisation with the telomeric probe 
 
This procedure was carried out either to analyse chromosomal aberrations (see above) or to 
measure telomere length. In the case of telomere length measurement the procedure is usually 
called Q-FISH (quantitative fluorescence in situ hybridization). We describe below two 
methods for Q-FISH. One method uses metaphase chromosome preparations and it is known as 
the conventional Q-FISH. The same method is used for analysis of chromosomal aberrations. 
The other method uses interphase cells and we named it interphase Q-FISH or IQ-FISH. 
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2.4.1 Pre-hybridisation washes 
 
Microscope slides containing metaphase or interphase cells were prepared using methods 
described in  2.3.1 and  2.3.2. Please note that in the case of Q-FISH addition of Colcemide was 
obligatory. In the case of IQ-FISH addition of Colcemide was not required. The slides were 
washed in PBS for 5 minutes on the shaking platform. After the PBS treatment the slides were 
incubated in a 4% formaldehyde solution for 2 minutes and then washed in PBS on the shaking 
platform 3 times for 5 minutes each time. A total of 500µl of pepsin (10% pepsin; Sigma Co.) 
mixed in 50ml of acidified dH2O at pH 2 (49.5ml of deionized water added to 0.5ml HCL) plus 
50ml PBS, was used to remove unwanted proteins. Slides were put in a coplin jar containing 
this solution and were incubated at 37°C for 10 minutes. Slides were washed 2 times in PBS for 
2 minutes on the shaking platform. A solution of 4% formaldehyde was used to fix the cells for 
further 2 minutes. The slides were then washed in PBS solution 3 times for 5 minutes, 
dehydrated in ethanol series (70%, 90% and 100%) and left to air dry at room temperature.  
2.4.2  Hybridisation 
A FITC or Cy3 labelled Oligonucleotide PNA (CCCTAA)3,  complementary to telomeres was 
added to slides (20µl). The slides were then placed on a heating block preheated 70-75°C and 
kept on it for 2 minutes. Slides were removed from the heating block and incubated in a dark 
humidified chamber for 2 hours to allow hybridisation. A brief outline of this procedure is 
presented in (Figure  2.4).  
2.4.3 Post-hybridisation washes 
After hybridisation slides were washed in 70% Formamide solution 2 X 15 minutes, followed 
by 3 X 5 minute washes in PBS. Slides were then dehydrated in ethanol series (70%, 90% and 
100%). Once the slides were air-dried 15µl of Vectashield anti-fade mounting medium 
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containing DAPI (Vector Laboratories) was added, covered with a cover slip and sealed using 
clear nail varnish. 
2.4.4 Image capture for telomere length analysis  
Image capturing depended on the type of Q-FISH. For IQ-FISH we used the Smart Capture 
imaging software (Digital Scientific, Cambridge, UK) followed by the analysis of telomere 
fluorescence using the IP-Lab software. For conventional Q-FISH we used the Smart Capture 
software followed by the analysis of telomere fluorescence using the TFL-TELO software. For 
chromosomal aberration analysis we used the Metasystems software (Altlussheim, Germany).   
 
Figure  2.4  A schematic of an overview of Q-FISH (Author’s adaptation). 
 
2.4.5 Telomere length analysis by IQ-FISH 
 
A total of 50 interphase cells have been analyzed for each cell line. Each measurement was 
repeated 3 times. Images of interphase cells were captured using a 63X objective on an 
Axioplan 2 Zeiss fluorescent microscope equipped with a CCD camera and the Smart capture 2 
image acquisition software. Images were used to measure telomere signal intensity which is 
proportional to telomere length using the IP Lab software. The software produces a combined 
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image of the detected telomeres and the cell nucleus boundaries which are superimposed onto 
the telomere image. In order to maintain the accuracy of IQ-FISH methodology it was 
important to use appropriate controls for the experiment. This is because the fluorescence 
microscope lamp intensity is not constant. To ensure the accuracy of fluorescence intensity 
measurement we used two mouse cell lines, LY-R and LY-S, with long and short telomeres 
respectively, as calibration standards (Mcllrath et al., 2001). In each experiment we captured 
images of LY-R and LY-S cells together with the test samples (human cells). After capturing 
images of interphase cells in the Smart Capture 2 software, the information was imported to the 
IPLab program in which telomere fluorescence intensities were measured. The procedure for 
IQ-FISH was described in detail in a PhD thesis by another student working in Dr Slijepcevic 
laboratory (Ojani 2012). 
 
 
Figure  2.5 Image displays a typical segmented image with cell nuclei stained in green. 
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The other options of the software include: the “background removal” option, “measurement” 
options and display of results, which were also assessed. The “background removal” option is 
very important and key, as it allows subtracting the fluorescence background noise from the 
actual fluorescence values, so it is clear what is happening inside the plates. This process is 
performed using the “Pixel arithmetic” procedure which is shown below (Figure  2.6).  
 
Figure  2.6 Image displays a snap-shot of the mathematical manipulations behind the process 
of telomere fluorescence intensity measurement. 
 
Figure  2.5 and Figure  2.6 demonstrate the procedures behind telomere fluorescence 
measurement. This involves steps like cell image segmentation to determine nuclear 
boundaries, background removal to eliminate non-specific fluorescence, and measurement of 
telomere fluorescence intensity. At the end of the procedure a table is generated that shows the 
average fluorescence intensity for each cell. 
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2.5 Conventional Q-FISH 
 
For conventional Q-FISH, cells were prepared using the metaphase protocol as described 
in  2.3.1 or  2.3.2, depending on the cell type.  
Images of the metaphase cells were captured using the Smart Capture Software (Digital 
Scientific, Cambridge, UK) and the telomere fluorescence analysed using the TFL-Telo 
software (Flintbox, online). This software is developed by the Lansdorp group (University of 
British Columbia, Vancouver) and it is extensively described in numerous publications. Briefly, 
the software generates the image of chromosomes and telomeres in which each individual 
telomere (T1-T4) is recognized by a different colour (see Figure 2.7). For example, T1 is 
recognised by the blue colour etc. (Figure 2.7). The software has various editing function which 
allows separation of chromosomes that overlap, or telomeres that overlap. Also, occasionally a 
single telomere may be displayed as two telomeres (hence T5 in the table in Figure 2.7). The 
editing function of the software allows merging two artificially split telomeres.   
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 For the analysis images of metaphase cells with well-separated chromosomes and clear 
telomeric signals were chosen. Results can be presented either as telomere fluorescence values 
for each individual telomere (see table in Figure 2.7). For this approach histograms were 
generated using all the telomere lengths produced by the software. Alternatively, the average 
telomere fluorescence intensity can be expressed by calculating the average value of telomere 
fluorescence intensity.  
2.6 Chromosome Orientation Fluorescence in situ Hybridisation (CO-FISH) 
CO-FISH is a technique that is able to determine the absolute 5’ to 3’ orientation of DNA 
sequence relative to short arm to long arm of the chromosome. The technique is based on 
standard FISH principles, which allows hybridisation of a single stranded probe to only one 
chromatid of a metaphase chromosome (Goodwin et al 1993). The main principles of this 
technique are highlighted in (Figure  2.8). 
 
Figure  2.8 Schematic presentation of the CO-FISH method. 
 
CO-FISH is used to detect telomeric sister chromatid exchanges (T-SCEs) which can be seen 
above. The split signal shown in the image shows a T-SCE. This image was adapted and 
adjusted from (Bailey et al 2004). 
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After cells were sub-cultured, 3µl of 5’-bromo-2-deoxyuridine at the concentration of 1x10-5M 
(Sigma Co.) was added to the cells for 20 hours. After this incubation period metaphase 
preparation was carried out as described in  2.3.1 and  2.3.2, depending on the cell line. Cells 
were then incubated overnight at the heating block pre-heated to 54°C to allow better 
preservation of chromosomes after subsequent DNA denaturing.  
2.6.1 Washing, Digestion and Fixation 
Slides were then washed with PBS for 15 minutes and stained with 2.5 µl of Hoescht 33258 
(0.5µl/ml) which was mixed gently with standard saline citrate (2x SSC) for 15 minutes. A total 
of 100µl of Exonuclease III (Promega Co.) (1.5µl Exonuclease III + 10 µl buffer + 88.5µl 
H2O) was added to each slide covered with a cover slip and left at room temperature for 10 
minutes. The slides are then exposed to 365nm UV light for 30 minutes. Samples were then 
washed with PBS twice for 5 minutes on the shaking platform. The slides were then treated 
with Ethanol series (70%, 90% and 100%) for 5 minutes each and left to air dry. Hybridisation 
and posthybridization washes are carried out as described in sections 2.4.2.   
2.6.2 Image Analysis 
 
A Zeiss fluorescence microscope equipped with a CCD camera and ISIS (in situ imaging 
system, Meta Systems, Altlusshim, Germany) capture software was used to acquire digital 
images.  
2.7 Immuno-cytochemical detection of DNA damage (the γ-H2AX assay) 
 
One of the most popular methods of detecting DNA double strand breaks is γ-H2AX assay. It 
detects damage in interphase cells using a monoclonal anti-body against the γ-H2AX protein. 
For γ-H2AX assay on adherent cells, they must be grown on poly-prep slides (Sigma- Aldrich) 
for 24 hours before treatment with DNA damaging agents (in our case ionizing radiation). After 
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irradiation cells were fixed using 4% formaldehyde in PBS for 15 minutes. Cells were 
pearmeabilised using 0.2% Triton-X solution (Sigma-Aldrich) in dH2O for 10 minutes at 4°C.  
Non-specific sites on the cell were then blocked using blocking buffer (0.1gram Milk powder + 
50µl Triton-X solution + 50ml PBS). A total of 100µl of blocking buffer was added to each 
slide, slides covered with parafilm and placed in a humidified dark box. After 1 hour incubation 
the primary anti-body (γ-H2AX, Millipore) was added to the slides at a concentration of 1:1000 
following manufacturer’s instructions. The slides were covered with parafilm and are placed in 
a humidified dark box for 1 hour.  
After 1 hour the slides were washed 3 X 5 minutes with TBST solution (8.8.grams of NaCl + 
0.2 grams of KCL + 3 grams of tris base + 500µl tween 20 in 1 litre of dH2O. pH 7.4). The 
secondary antibody (FITC labelled anti-mouse, Invitrogen) was added at a dilution rate of 
1:1000. A total of 100µl of diluted antibody was added to the slides, covered with parafilm and 
placed in a humidified chamber for 1 hour.  
The slides were then washed 3 X 5 minutes in TBST and then 3 X 5 minutes in PBS. The slides 
were de-hydrated in ethanol series (70%, 90% and 100%) for 5 minutes each time. Once the 
slides were air dry a total of 15µl of mounting medium containing DAPI (Vector Laboratories) 
was added to each slide and covered with a cover slip and sealed using clear nail varnish.  
2.7.1 γ-H2AX assay using cytospin 
 
The protocol for DNA damage detection in lymphoblastoid cell lines required the use of 
cytospin. In contrast to adherent cells, which can be grown on pre-coated microscope slides, 
lymphoblastoid cells cannot as they grow in suspension. The alternative method for spreading 
these cells on to microscope slides employs the cytospin procedure. Cells were irradiated in 
flasks or tubes as cell suspension. This cell suspension was then used to attach cells to 
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microscope slides using a cytospin at 800rpm for 5 minutes. After this the same procedure as 
the adherent cells described in  2.7 can be used for the immunocytochemical detection of DNA 
damage.  
2.7.2 Telomere Dysfunction-Induced Foci (TIF) Assay 
 
TIF is immuno-FISH protocol that combines the γ-H2AX assay with synthetic telomeric PNA 
probe hybridisation in order to detect DNA damage at telomeres. First, the γ-H2AX assay 
protocol as described in section  2.7 is performed on the slides. After the de-hydration as 
described in section  2.7 DAPI is not added to the slides. Instead slides were incubated overnight 
in a dark container at room temperature. This incubation allows better preservation of 
antibodies and enables them to remain intact after the subsequent hybridization procedure. On 
the next day, the hybridisation procedure was carried out as described in sections 2.4.2.  
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2.8 Reverse Transcriptase Polymerase Chain Reaction (RT-PCR) analysis  
 
2.8.1 RNA extraction 
RNA extraction was performed using the RNeasy Plus 
Kit (Qiagen) following manufacturer’s instructions. A 
brief outline of this procedure can be seen in Figure  2.9. 
A total of 1 x10
7
 cells is recommended for this 
procedure. Adherent cells were trypsinised and 
centrifuged at 1500rpm for 5 minutes. The supernatant 
was aspirated and the cell pellet washed with PBS 3 
times. 
After flicking the pellet to loosen it 600µl of RLT buffer 
(guanidium thiocyanate lysis buffer) was added to the 
eppendorf tube containing the cell pellet and the cells 
were homogenised using a syringe. One volume of 70% 
RNA free ethanol was added to the cells and mixed well 
using the pipette technique. A total of 700µl of the 
homogenised lysate was transferred on to an RNeasy 
spin column and centrifuged for 15 seconds at 10000rpm. 
The flow through was thrown away and 700 µl Buffer 
RW1 was added to the RNeasy spin column. The spin column was then centrifuged for 15 
seconds at 10000 rpm. The flow through used was then discarded. 500µl of Buffer RPE was 
added to the RNeasy spin column and the column was centrifuged for 15 seconds at 10000 
rpm. The flow through used was thrown away. Another 500µl of buffer RPE was added to the 
spin column and the column was centrifuged for 2 minutes at 10000rpm. The spin column is 
Figure  2.9 Shows a summary of 
the RNA Extraction  procedure as 
per Qiagen kit. 
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then placed in a 1.5ml collection tube and 30-50µl of RNase–free water is added to its 
membrane. The 1.5ml collection tube is then centrifuged for 1 minute at 10000rpm to elute the 
RNA.    
The quality of the RNA was measured using a Nano Drop 2000C (Thermo Fisher Scientific). 
The spectrophotometer was blanked using the reference RNA free solution that was placed on 
to the measurement pedestal, and the reading was taken at 260nm wavelength. An example of 
RNA measured can be seen in (Table 2.2). 
 
Table  2-2 Sample readings of RNA concentration from Nano Drop. 
Cell Line A260/280 nm ratio A260/230 ratio RNA concentration 
(ng/µl) 
U2OS 2.05 2.08 1536.4 
MCF-7 2.03 2.07 1352.5 
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2.8.2 First- strand cDNA synthesis with Superscript III 
cDNA was extracted using the superscript method (Life 
Technologies) (Figure 2-10). For each sample 1µg of total 
RNA extracted as per the method described in  2.8.1 was added 
to a tube followed by 1µl of DNAse I reaction buffer, 1 µl of 
DNAse 1 Amp grade and RNA-free water according to how 
much total RNA was added to make the total volume of the 
solution 10µl reaction mix.  
The 10µl final mixture was incubated at room temperature for 
15 minutes. A total of 1µl of EDTA was added to each sample, 
which made the volume of the mixture 11µl. This was heated 
to 65ºC for 10 minutes using a thermal cycler (PTC-225 
Peltier). 1µl of random primer and 1µl of dNTP was then 
added to each sample, which made the final volume of the 
mixture 13µl. This was then heated to 65ºC for 5 minutes.  
Once this was heated, 4µl of first strand buffer, 1µl of 0.1M 
DTT (Dithiothreitol), 1µl of RNaseOUTM recombinant RNase Inhibitor (40units/µl) and 1µl of 
superscriptTM III RT (200 units/µl) was added to the mixture. This made the final volume of 
the mixture 20µl. 
The 20µl mixture was mixed gently and heated at 25ºC for 5 minutes, followed by 60 minutes 
incubation at 50ºC for the random primer and then 15 minutes incubation at 70ºC to inactivate 
the reaction.  
 
Figure  2.10 Shows the 
procedure used to 
synthesis first-strand 
cDNA using Superscript 
III. 
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2.9 Primer Design 
 
The primers that were used were previously designed by a MSc student (E. Sapir with Dr 
Predrag Slijepcevic). The primers used can be seen in Table  2-3. 
Table  2-3  Represents the human primers that were used for RT-PCR and Real-time PCR. 
Gene Name Orientation GC% 
Tm 
C° 
Length 
bp 
Sequence 
GAPDH (house 
keeping gene) 
Forward 55 55 18 5’-GAAGGTGAAGGTCGGAGT-3’ 
GPDH (house 
keeping gene) 
Reverse 45 53 20 5’-GAAGATGGTGATGGGATTTC-3’ 
BRCA2 Forward 53 59 19 5’-AATGCCCCATCGATTGGTC-3’ 
BRCA2 Reverse 52 60 21 5’-AGCCCCTAAACCCCACTTCAT-3’ 
 
2.9.1 RT-PCR 
Both the forward and reverse primers were optimised using three different concentrations 
10µM, 5µM and 2.5µM, using a conventional PCR reaction. Between 1 to 5µl of cDNA were 
used for PCR amplification using PCR Master Mix (Thermo Scientific, 15mM MgCl2). A total 
of 21µl of reaction mixture was used which consisted of: 1µl of cDNA + 1 µl of forward 
primer according to the gene of interest + 1 µl of reverse primers according to the gene of 
interest +18 µl of master mix. 
The thermal cycler machine was configured with settings as per (Table  2-4).  
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Table  2-4 Shows the different settings that were used for the thermal cycler machine. 
 Temperature (˚c) Time Cycles number 
Enzyme activation 95 5 minutes 1 cycle 
Denaturation 95 45 seconds 
30- 40 cycles Annealing (variable) 53/55/57/59 45 seconds 
Initial extention 72 45 seconds 
Extension 72 10 minutes 1 cycle 
 
2.9.2 Agarose Gel Electrophoresis 
In order to make 2% agarose gel a solution consisting of 1x Tris acetate EDTA (TAE) buffer 
(Sigma-Aldrich) was used. A total of 5µl ethidium bromide (10mg/ml) was added to the molten 
gel just before it was set in the tank. The gel was covered with 1x TAE and the PCR samples 
were loaded into the gel wells. A 1kb ladder was added to the gel to determine the PCR product 
size accurately.  The gel was then run at 65 V for approximately 1.5 hours. An Alphaimager 
under U.V. light was used to visualise the PCR products.  
2.9.3 Real-Time quantitative RT-PCR (Real-Time qRT-PCR) 
The primer concentration was measured after optimisation using qRT-PCR. The technique 
amplified cDNA and simultaneously quantified the cDNA products using the Syber green I 
dye. The amount of DNA produced was quantified by measuring the fluorescence intensity 
produced by the binding of Syber Green to the DNA.  
The optimal concentration yields the lowest threshold cycle (Ct), determined by the intersection 
between the amplification curve and the threshold line, and maximum run, which is the 
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reported signal of normalised fluorescence. Both MCF-7 and U20S cell lines were used to test 
for BRCA2 optimal primers. Three different primer concentrations were examined (20 µM, 
10µM, 5 µM and 2.5 µM). Some of the results that were obtained while testing the GAPDH 
and BRCA2 primers optimal concentrations can be seen in (Figure  2.11). 
                                                               
Figure  2.11 Real-time PCR amplification curves obtained at different concentrations of 
BRCA2 and GAPDH primers. A) Amplification curve for BRCA2 primers at two 
concentrations 10pmol and 20mol using U2OS cell line. Concentration of 10pmol reduced the 
amplification efficiency, as seen as an increase of Ct (from 24 to 25). B) amplification curve for 
GAPDH primers at 10pmol and 20pmol using U2OS cell line. Similar to BRCA2 primers 
concentration of 10pmol reduced amplification efficiency. 
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Figure  2.12 Dissociation curve analysis of BRCA2 showing only one amplification product 
without any non-specific amplification or primer dimmer.  
 
2.10 Small Interfering RNA (siRNA) 
 
In 2001 it was observed that the RNAi technique was very effective in mammalian somatic 
cells, and since then it has been used in gene function analysis (Elbashir et al., 2001).  Over the 
years siRNA oligonucleotides have been tested in various disease models, and clinical trials 
have shown the effective treatment of some malignant tumours, such as hepatic cancer  
(Brower, 2010), suggesting that siRNAs could possibly be used as therapeutic drugs. siRNA is 
a class of double-stranded RNA molecules that interferes with the expression of a specific 
gene, 21-23 bases in length. The main purpose of this technique is to knock-down the 
expression of desired protein. We used ON-TARGET plus SMARTpool (Thermo Scientific 
Dharmacon) siRNA oligonucleotides. This product is designed to enhance target specificity and 
reduce undesirable effects. The pool was composed from four individual siRNA sequences to 
ensure a specific and high level of gene silencing. The siRNA was delivered to the cells using 
jetPRIME
TM 
transfection reagent (Polyplus-transfection). This powerful product is based on a 
non-liposomal formula that ensures effective delivery of oligonucleotides into mammalian 
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cells. Several controls (Table  2-5) were selected in order to ensure reliable and efficient results. 
The selected controls were as follows: 
Table  2-5 Summary of controls in RNA inhibition process.  
 
 
 
Type of 
control 
Function Features Product 
Positive 
control 
Monitor the efficiency of  
siRNA delivery 
Targets a housekeeping gene 
characterises by an abundance 
expression in a large number of 
different cell types. This control 
should not affect cell viability 
and phenotype 
ON-TARGET 
GAPD Control pool 
(silencing GAPDH) 
Negative 
control 
Distinguish between 
sequence-specific silencing 
to non-specific effect 
Does not target any known gene 
in the cell with a minimal effect 
on cell viability and phenotype. 
ON-TARGET Non-
targeting pool.  
Also Known as 
scrambled RNA 
Transfection 
control 
Ensure that the transfection 
procedure itself does not 
affect any gene expression 
Does not target any gene in the 
cell with no effect on cell 
viability and phenotype 
Transfection 
reagents only 
Basic 
control 
Determine the base level of  
gene expression as well as 
viability and phenotype 
 
— 
Untreated cells 
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2.10.1 siRNA Procedure 
 
Adherent cells were seeded in a T25 flask by adding 5ml medium containing approximately 
400,000 cells. siRNA buffer (Thermo Scientific Dharmacon) was diluted with RNase free 
water from 5x concentration to 1x concentration. The siRNA concentration was verified using 
the spectrophotometer NanoDrop 2000C (Thermo Fisher Scientific). 24 hours after seeding 
(allowing the cells to adhere), the medium was replaced by 4ml of new medium. A mixture 
containing 210µl of 50nM siRNA, 8µl of transfection reagent (jetPRIME
TM 
reagent) and 200µl 
of transgection buffer (jetPRIME
TM 
buffer) was added. The mixture was vortexed, briefly spun 
down and incubated at room temperature for 15 minutes prior to its addition. Schematic 
description of the knockdown procedure are shown in (Figure  2.13). 
 
 Figure  2.13 Schematic representation of the siRNA experimental procedure. 
 
2.10.2 siRNA experiment design 
 
Cells were seeded for 24 hours prior to siRNA oligonucleotide addition.  After 24 hours, the 
medium was replaced. Cells were harvested 48h, 72h, 96h and 7 days after treatment. This was 
followed by RNA extraction, cDNA synthesis and knock-down measurement using real-time 
qRT –PCR. The procedure was performed twice. When BRCA2 expression was at its lowest 
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level, CO-FISH, H2AX and TIF was performed. Schematic presentation of the experimental 
design is shown in (Figure  2.14).   
 
Figure  2.14 Schematic representation of the RNA inhibition experimental procedure. 
 
2.11 Short hairpin RNA (shRNA) 
 
 Short-hairpin RNAs (shRNAs) (Paddison et al., 2002) as opposed to siRNAs, are synthesized 
in the nucleus of cells. Using appropriate vectors hairpin constructs can be introduced into the 
genome resulting in their stable expression (Paddison et al., 2002).  
The expressed hairpins are processed by Drosha (RNase III enzyme) and transferred to the 
cytoplasm, where Dicer turns on them to create siRNAs, which then get incorporated into the 
RNA interfering silencing complex (RISC). 
shRNAs can also be chemically synthesized and introduced into the cytoplasm (Siolas et al., 
2005), but in this case it is essential to mimic the product of Drosha, which has a 2-30 nt 
overhang. Both siRNAs and shRNAs operate through the same pathways of gene silencing.  
To create stable BRCA2 knockdown in different cell lines we used the shRNA approach: 
SMART vector 2.0 Lentiviral shRNA Particles (Thermo Scientific Dharmacon) containing 
unique BRCA2 sequences. This product is designed to enhance target specificity and reduce 
undesirable effects.  
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2.11.1 shRNA experiment design 
 
The starting aim was to identify a set of conditions that provide maximal transduction 
efficiencies and gene silencing with minimal toxicity. Finding such conditions can be done in a 
single multi-parameter optimization experiment. 
2.11.2 Puromycin selection condition  
 
Puromycin (Fisher # ICN10055225) is an antibiotic, derived from the streptomyces alboniger 
bacterium. Puromycin resistance gene (PuroR) is a feature of all SMARTvector 2.0 constructs  
designed for mammalian cells. It allows selection by inhibition of protein synthesis through 
ribosomal binding (Brooks et al., 2003) and isolation of clonal populations when generating 
stable cell lines.  
Therefore, all cells that did not take up the shRNA vector will be killed if cells are grown in the 
medium containing puromycin. The amount of puromycin needed to allow gradual cell death 
before introducing the shRNA vector must be optimized. It is known that high doses of 
puromycin can be toxic to cells whether or not they have vectors. Therefore, it was necessary to 
optimise the amount of puromycin used in normal cells without vectors as these are less 
resistant compared to shRNA transfected cells. Puromycin kill curves were generated as 
follows. 
Six by six-well plates (Fisher # 08-757-214)  were used to seed 50,000 cells/well. Each six-well 
plate represented one time point (20, 28, 48, 60, 68 and 75 hours). This was done for two 
different cell lines (MCF-7 and U20S cells). On the first day 50,000 cells were seeded in each 
of the wells of the 6X6-well plates. On the second day the medium was changed with a range 
of different puromycin concentrations (0.0 – 2.0 µg/ml) (see Figure 2.15). Therefore, in each of 
the six-well plates 6 different puromycin concentrations were used. In the first well of all the 
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six-well plates no puromycin was added. This was the control sample. In the second well of the 
six well plates 0.5 µg/ml, in the third well 0.8 µg/ml, in the fourth well 1.0 µg/ml, in the fifth 
well 1.5 µg/ml and in the sixth well 2.0 µg/ml of puromycin was added (Figure 2.15). The 
number of cells were counted using the countess automated cell counter as described 
previously, at the different time points and a puromycin kill curve (Figure  2.15) was generated 
for each of the cell lines. From this curve the minimum antibiotic concentration that killed 
100% of the cells in 1-3 days was selected.  
 
 
 Figure  2.15 Puromycin kill curve: illustrating cell death in relative to increasing doses of 
puromycin over time. A) shows the puromycin kill curve in MCF-7 cells. 1.0µg/ml of 
puromycin concentration was selected for this cell line. B) shows the puromycin kill curve in 
U2OS cells and 0.5 µg/ml was selected as the optimum puromycin concentration for this cell 
line. These concentrations for both the cell lines were selected because they gradually killed 
100% of the cells in 3 days, as seen in the graphs above. 
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2.11.3 Polybrene selection condition  
 
Polybrene (Hexadimethrine bromide – Sigma #H9268) enhances the efficiency of retroviral 
transfection in mammalian cells by 2-10 fold by binding to the cell surface and neutralising the 
cell surface charge. Polybrene acts by neutralizing high doses of heparin and sialic acid on the 
cells surface (Rong et al., 2013). 
The optimal transduction conditions are different for each cell type and should be determined 
empirically. Polybrene can be toxic to certain cell types. To optimize Polybrene concentrations 
for transduction the following procedure was carried out.  
One six-well plate was seeded with 50,000 cells/well and was incubated overnight. The 
following day the medium was changed and a range of Polybrene concentrations were added to 
the wells to determine cell viability. After 24 hours incubation cells were examined for viability 
using the countess automated cell counter as described previously. The highest concentration of 
Polybrene that does not cause toxicity to the cells is chosen for the different cell types (Fig 
2.16). (Note: If Polybrene is toxic to the cells, DEAE-Dextran [1-10 ug/mL] may be 
substituted.) 
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Figure  2.16 Shows the optimisation of polybrene concentrations and cell viability.  
A) Viability of MCF-7 cells. The optimum polybrene concentration for MCF-7 cells is 2µg/ml. 
B) Viability of U2OS cells. The optimum polybrene concentration for U20S cells is 4 µg/ml.  
 
2.11.4 Determining optimal cell density and Multiplicities Of Infection (MOI) 
 
For transduction to take place effectively the optimum number of viruses per cell needs to be 
determined. The number of viruses per cell is expressed in units called MOI. Therefore, 5 MOI 
means 5 viruses per cell. To determine the optimum MOI an experiment was carried out 
whereby a range of MOI’s were tested.  
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A six-well plate was used, seeded with 6 x 10
4 
cell/well and incubated overnight. The next day 
the number of SMART vector 2.0 human GAPDH was calculated using the formula: 
         
  
        
in which CN and VT are defined as:  
    CN = number of the cells in the well 
              VT = stock viral titer in TU/µl (Transducing Unit). 
For example for an MOI of 5 the calculation is as follow: 
          
       
        
Therefore 3.3µl from the stock 1 x 10
5 
TU/µl is used.  
Table  2-6 The range of MOI used for GAPDH in MCF7 and U2OS cell lines. 
 
MOI Volume required from stock 
MOI 20 13.2 µl 
MOI 10 6.6 µl 
MOI 5 3.3 µl 
MOI 2.5 1.65 µl 
 
In the six-well plate the concentrations mentioned in (Table  2-6) were added to 1ml of serum-
free medium and appropriate amounts of polybrene as determined previously (Figure  2.16). 
These mixtures were added to 4 separate wells containing cells. In the fifth well only 1ml of 
serum free medium was added to the cells. This acted as the control well. In the sixth well 1ml 
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of serum free medium and polybrene were added. This experiment was carried out for both 
U2OS and MCF-7 cells.  
After 24 hours the six-well plate was washed with PBS two times and fresh media containing 
serum and appropriate amounts of puromycin (optimum levels determined as described 
previously) was added to the wells. The six-well plate was incubated for another 24 hours and 
the GFP expression in these cells was checked using a fluorescence microscope. After 96 hours 
cells were trypsinised, RNA extracted and gene expression of gene of interest measured using 
real-time quantitative PCR.  
For long-term time points (>96 hours) cells were washed every 2 to 3 days and new media 
containing serum and appropriate amounts of Puromycin were added to the wells.   
2.12 Western Blot 
2.12.1 Protein sample preparation 
Cells were grown to 80-90% confluence and plates were rinsed 3 X with PBS. Excess liquid 
was removed and 200μl of a 5 X sample buffer (SB) containing 10% (v/v) sodium dodecyl 
sulfate (SDS), 250mM Tris pH 8.0, 50% (v/v) glycerol and 0.01% (w/v) bromophenol blue plus 
10μl of protease Inhibitor (x7) and 10μl of beta-mercaptoethanol (BME) were added for at least 
one minute on to the plate. Cells were then scraped off using a cell scraper. Samples were 
collected into an Eppendorf tube and mechanically sheared 10 X using a 1ml syringe and a 23g 
needle. The samples were kept on ice at this stage at all times to prevent protein denaturing. 
The samples were then spun at 13,000rpm for five minutes, supernatants aliquoted in to clean 
Eppendorf tubes and stored at -20°C. Repeated thawing and freezing of the protein sample was 
avoided. 
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2.12.2  Protein Quantification 
Each protein sample was quantified using a RC DC-protein assay (Biorad). This assay was 
used since it was compatible with reagents in the sample buffer and had a high concentration of 
SDS and a strong reducing agent such as beta-mercaptoethanol. The assay was performed 
according to manufacturer’s instructions. In short, a serial dilution of 0.2 mg/ml – 1.6mg/ml of 
protein standard was made using bovine serum albumin (BSA). This was used to construct a 
standard curve where all unknown sample protein concentrations were measured against the 
standard curve. A total of 125 μl of reagent I was added to 25μl of each protein standard and 
protein sample vortexed and left for one minute. A total of 125 μl of reagent II was added to the 
sample tube vortexed briefly and centrifuged at 15,000xg (13,000rpm) for five minutes at room 
temperature.  
The supernatant was discarded by tipping it on to a dry paper tissue. 127μl of reagent A’, made 
earlier by 5μl of DC reagent S to 250μl of DC reagent A, was added to the tube and left for five 
minutes after a brief vortexing. It normally takes longer than five minutes for all the proteins to 
dissolve completely, as some surface membrane proteins are insoluble and difficult to dissolve. 
With a regular vortexing for 15 minutes all proteins were dissolved. At this point 1ml of DC 
reagent B was added to the tube, vortexed, and left for 15 minutes to incubate at room 
temperature. After 15 minutes absorbance was read at 595nm wavelength using Nano drop. 
The absorbance of protein standard was recorded first and a standard curve of protein 
concentration in mg/ml against absorbance was constructed. Absorbance of each protein 
sample was read using the spectrophotometer and the concentration of each protein sample was 
calculated from the standard curve. 
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Figure 2.17 Standard curve used in protein quantification analysis. 
 
2.12.3  Protein Gel electrophoresis 
A total of 10μg of each protein sample was transferred to Eppendorf tubes. The lid of each tube 
was pierced and the protein sample was heated up to 95°C for 5-7 minutes to denature the 
proteins. Then the samples and 10μl of a high molecular weight protein marker (Invitrogen) 
was added to first well of 6% gel. The lower the molecular weight of a protein of interest, the 
higher the percentage of gel that is required. In our experiments where heavy proteins such as 
BRCA2 (molecular weight of 384kDa) were involved, a 6% gel was used. The gel was made 
using the following ingredients: 
 5.3ml distilled water (DW) 
 2.0ml 30 percent acrylamide mix (protogel EC890) 
 2.5ml 1.5M Tris pH 8.8 (36.3g Tris/200ml) 
 100μl 10% SDS 
 100μl 10% ammonium persulphate (APS) freshly made 
 8μl TEMED. 
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The above formula will give a 6% gel that is poured into the gel tank plate. The gel tank plate 
was set up following the manufacturer’s protocol. The above gel was loaded immediately onto 
the gel plate, topped with water for even distribution, and left for 20-30 minutes to set. The 
stacking gel was then made with the following reagents: 
 2.7ml DW 
 670μl 30% Acrylamide mix 
 500μl 1M Tris pH 6.8 (24.2g Tris/200ml) 
 40μl 10% SDS 
 40μl 10% APS 
 4μl TEMED. 
The stacking gel was poured onto the gel (the excess water was blotted off first) and left to set 
for at least 15 minutes with a separation comb in place. Eventually the comb was removed and 
the protein samples were loaded carefully onto each well. The protein marker was normally 
loaded on the first wells. The interior and exterior of the tank was filled with 1x running buffer 
made with 3.0g (w/v) of Tris base, 14.4g (w/v) of glycine, 1g of SDS, distilled water to 1 liter. 
The samples were initially run at 100V until proteins were evenly located in the gel and the 
power was switched to 150V for approximately 45 minutes. The samples were checked 
regularly to prevent running off of the protein samples. 
2.12.4  Blotting and transfer 
Once proteins were separated based on their size and mobility (heavier proteins move slower 
and hence were at the top of the gel, whereas smaller proteins move faster and were found near 
the bottom of the gel), proteins were transferred onto a blotting paper. Polyvinylidine fluoride 
(PVDF) is a non-reactive membrane that has a non-specific affinity to amino acids. PVDF was 
activated by soaking in 100% methanol for 10 seconds. A sandwich of filter pad, 3mm filter 
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paper, activated PVDF membrane, gel, 3mm filter paper, and filter pad was assembled 
according to the manufacturer’s protocol (Bio-Rad) (Figure  2.18).  
 
 
Figure  2.18 A schematic of the electro blot transfer process using an immersion procedure.  
Arrow at the bottom of the tank indicates transfer direction. 
 
A small magnetic stirrer was placed in the tank, topped with 1 X transfer buffer made with 
11.25g (w/v) of glycine, 2.42g (w/v) of tris base, 100ml (v/v) of methanol and distilled water to 
1 litter. The blotter was placed inside the tank and the tank was run at 100V for at least 2.30 
hours on a magnetic stirrer to create an even distribution of the electrolysis. An ice pack was 
also placed inside the tank to prevent over-heating of the buffer solution. 
2.12.5  Blocking and antibody incubation 
Once the transfer of protein from gel onto the PVDF membrane was complete the proteins were 
blocked with 5% blocking reagent containing 5g (w/v) of semi skimmed milk (Marvel) in 
100ml of Tris buffer saline-Tween (TBST) made with 16g (w/v) of NaCl, 0.2g (w/v) KCl, 3g 
(w/v) of Tris base, 0.1% (v/v) Tween- 20 added to 800ml of distilled water adjusted pH to 7.6, 
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and distilled water added to 1 liter. The membrane was left in 30ml of blocking solution for 
about one hour on a shaking platform at room temperature. The milk mixture blocks unspecific 
binding of an antibody with the membrane. After one hour of blocking, the membrane was 
rinsed with TSBT and the primary antibody (anti BRCA2 (Ab-1) mouse (Calbiochem), diluted 
1/300) was diluted in a one in five dilution of 5 % blocking buffer in 1x TBST and added onto 
the membrane overnight on a shaker set at medium pace (200rpm/minute) at 4°C. The 
following day the membrane was washed twice with 1x TBST for 15 minutes each and 
incubated with a secondary antibody, which is anti-mouse IgG in rabbit (Sigma), diluted 
1/2000) diluted in one in five dilution of 5% blocking buffer on a shaker at RT for a minimum 
of one hour. 
Table  2-7 Antibodies used in western blot experiments. 
 
Antibody Company Source Clonality Dilution 
BRCA2 Primary Calbiochem Mouse Monoclonal 1:300 
BRCA2 Secondary Sigma Mouse Monoclonal 1:2000 
GAPDH Primary Abcam Mouse Monoclonal 1:5000 
GAPDH Secondary Abcam    Rabbit Polyclonal 1:5000 
Beta-actin Primary Sigma Rabbit Polyclonal 1:1000 
Beta-actin Secondary DAKO Rabbit Polyclonal 1:2000 
 
 
2.12.6 Protein detection with chemiluminescence  
 
After one hour incubation with a secondary antibody the membrane was washed as before. 
Meanwhile, ECL plus (Enhanced chemiluminescence) kit (GE Healthcare) was taken out of the 
fridge and left at RT to warm up. The amount of ECL required for detection was based on the 
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size of the membrane and it was recommended by the manufacturer to be of a final volume of 
0.125m/cm2 of membrane. The manufacturer’s protocol was consulted for the exact mixture of 
chemicals A and B. As a rule of thumb, 2ml of reagent A was mixed with 50μl of reagent B. 
That is 1 part of reagent A mixed with 40 parts of reagent B. The ECL mixture was added onto 
the membrane and covered with saran wrap for five minutes in a dark room. The excess of the 
ECL was tipped off onto a paper towel, wrapped in the membrane facing down onto a piece of 
clean Saran wrap and placed in an x-ray cassette. 
Unexposed ECL plus hyperfilm (GE healthcare) was put on top of the membrane and the 
cassette closed and left for exposure for five minutes. The x-ray films were developed either 
manually in developer first (Kodak) and fixer (Kodak), or using an automatic machine 
(Xograph). The exposure time was assessed accordingly depending on the size of the exposed 
bands. If the protein bands were faint and could not be visualized then a second film was 
exposed for a longer period. The ECL chemiluminescence was active for at least one hour. 
2.13 TRAP (Telomere Repeat Amplification Protocol) Assay 
 
Two sets of primers were used to do the TRAP, ACX (5’ – 
GCGCGGCTTACCCTTACCCTTACCCTAACC - 3’) and TS (5’ – 
AATCCGTCGAGCAGAGTT- 3’) (Life Technology). The TRAP assay was performed as per 
protocol published in (Wege et al, 2003). 
Protein extract was made using 200 µl of CHAPS buffer (Millipore 220201-1GM Calbiochem, 
Millipore) and a total of 250ng of the extracted proteins were used in the assay. Samples were 
kept on ice at all times and homogenised using a needle syringe. The protein 
concentration of the unknown samples was measured on a Nano Drap, using the Pierce BCA 
Protein Assay Kit from Thermo Scientific. The products of the reaction were stained using 1x 
Syber Green (4309155 Applied Biosystem PCR Master Mix) which helped in quantification.  
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Each well contains a total of 25µl reaction mixture. This reaction mixture consists of 1µl ACX 
primer (0.05µg/µl), 1µl TS Primer (0.1µg/µl), 12.5µl of 1x Standard Syber Green, 1-4µl 
containing 250ng of protein) sample depending on the concentration of the protein needs to be 
added and (9.5µl – 6.5) DEPC water depending on the amount of protein added.   
Each 96 well plate contains samples to make the standard curve (PC-3 hTERT), non-template 
control, heat inactivated sample and all the unknown samples (proteins extracted for cells in 
question). Each one of these samples is repeated in a minimum of 3 wells to give an average 
value. To make a negative control 6.5 l DEPC water was added to master mix.  
The standard curve was generated using the PC-3 hTERT cell line (Provided by Dr Terry 
Roberts, Brunel University). A new standard curve was generated each time a TRAP 
experiment was performed. The standard curve was made using serial dilutions of PC-3 hTERT 
cells (10
8
 - 10
3
). Heat inactivated samples contained 10
5
 cell/µl of PC-3 hTERT cells  
concentration. The PC-3 hTERT sample were added to the DEPC water and heated to 85°C for 
10 minutes. This was then added to the rest of the reagents (Syber Green, ACX Primer and TS 
primer). This sample also acts as a control and does not produce telomerase as the heat kills the 
enzyme.  
The 96 well plate is then taken to the Q-PCR machine and the reaction is first incubated at 
25°C for 20 minutes allowing the telomerase in the protein extracts to elongate the TS primer 
by adding TTAGGG repeat sequences. PCR is was then started at 95°C for 10 minutes to 
activate Taq polymerase followed by a two-step PCR amplification of 35 cycles at 95°C for 30 
seconds and 60°C for 90 seconds.  
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2.14 Effects of 5-aza-CdR  
 
The U2OS and MCF-7 cell lines were cultured at 370
0
C, 5% CO2 as previously described. 
Briefly, 8x104 cells were seeded into 6-well plate to a total volume of 3ml media per well. 
Each experiment was carried out in duplicate with concentration of 5µM 5-aza-CdR (Sigma, St. 
Louis, MO) (Dr H. Yasaei, personal communication). Twenty four hours after cell plating, the 
cells were randomly assigned into, untreated, GFP (empty vector), MOI-10 and 5-aza-CdR 
groups (schematic Figure  2.19). 
 
Figure  2.19 Schematic representation of the 5-aza-CdR experimental procedure. 
 
The culture medium was replaced with fresh medium containing 5µM 5-aza-CdR.  Based on 
time points (8, 24, 48 hours) the culture medium was replaced with fresh medium. The purpose 
of these treatments was based on the published data (Krishnan et al., 2006, Jin et al., 2012, He 
et al., 2005, Brooks et al., 2004). Then cell were left for one week. This was followed by RNA 
extraction, cDNA synthesis and knockdown measurement using real-time qRT –PCR. 
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Table  2-8 Represents U2OS and MCF-7 transfected cells treated with 5µM of 5-aza-CdR at 
different time points.  
 
No of experiment 5-aza-CdR 
concentration (µM) 
Time in culture treated with 5-
aza-CdR 
Total time in culture 
1  
                   
                  5 
8 hours  
 
7 days 
 
2 24 hours 
3 48 hours 
 
2.15 GFP expression determination by flow-cytometry 
 
Cells were grown as described and 5x10
5 
cells were collected in suspension, washed in PBS 
once, and spun down at 1,500 rpm for 5 minutes. Supernatant was discarded carefully and the 
cells were then fixed in a solution containing methanol and Acetone (1:1 V/V) solutions. The 
cells were left at room temperature for 5 minutes.  
Thereafter, the cells were centrifuged at 1,500 rpm for 5 minutes, and then supernatant was 
discarded. The cell pellets were washed twice by adding one ml of PBS, centrifuged, and then 
the supernatant was discarded carefully. Finally, the cell pellets were re-suspended in 1 ml of 
PBS. All samples were stored on ice until analysis by flow cytometry.  
Flow cytometric analysis was performed on fresh samples using a Beckman coulter EPICS XL 
equipped with a single laser and a 4 colour (FITC, PE, ECD/PI and PeCy5) detection system 
(Becton Dickinson, USA). The expression of GFP (green) was measured in U2OS and MCF-7 
cell lines. GFP, when excited by a 488 nm laser emits fluorescence that can be detected in the 
FL1 channel. A total of 20,000 cells were counted and perentage of cells gated with FL1 
channel were calculated as GFP-positive cells. 
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2.16 Statistical Analysis  
Basic statistical analysis such as descriptive measurements and graphical display were done 
using Microsoft Excel 2007 software. All t-tests were done at 95 percent significance with α set 
at 0.05. 
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3.1 Introduction  
 
Chromosomal instability is a hallmark of breast cancer. For example, at least mild karyotypic 
changes are detectable in majority of breast tumours, whereas about one third is expected to 
harbour the severe chromosomal instability phenotype, a feature characterized by major and 
persistent karyotype changes. These changes include translocations, deletions and insertions, 
losses and gains of entire chromosomes, or chromosome arms, and finally changes in 
chromosome number (Teixeira et al., 2002).  The mechanisms behind this instability are varied 
but can be classified broadly into two categories: mechanisms that affect chromosome structure 
and mechanisms that affect chromosome number (Venkitaraman, 2004). The key to 
preservation of chromosome structure is the network of molecular pathways collectively known 
as DNA damage response. These pathways sense, signal and repair DNA damage thus 
maintaining chromosome integrity (van Heek et al., 2002, Blackburn, 1991). The key to 
preserving the chromosome number are processes that ensure accurate segregation of 
chromosomes between daughter cells.  
We are interested in mechanisms that affect preservation of chromosome structure. Research 
has shown that two genes of particular importance to understanding genetic forms of breast 
cancer, namely the breast cancer susceptibility genes, BRCA1 and BRCA2, are tumor 
suppressor genes that affect chromosome structure by virtue of their involvement in the repair 
of DNA double strand breaks (DSBs) through homologous recombination (HR). Murine cells 
deficient in the BRCA2 homolog and human breast tumors with BRCA2 mutations have been 
shown to have various chromosomal abnormalities (Gretarsdottir et al., 1998, Patel et al., 
1998). Biochemical and molecular studies have revealed that BRCA2 is involved in regulating 
HR, also known as homology directed repair (HDR), by cooperating with the recombinase 
Rad51 (Moynahan et al., 2001, Pellegrini and Venkitaraman, 2004). HDR, an error free DSB 
repair pathway, takes place during the S or G2 phases of the cell cycle. It is initiated when a 
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damaged DNA strand overrun the intact duplex of its sister chromatid DNA strand, which is 
then used as a template for restoring the damaged DNA strand (Venkitaraman, 2009). 
Moreover, HDR is involved in resolving stalled replication forks (Petermann et al., 2010). In 
deficient BRCA2 cells, during  normal cell growth when the replication fork pauses or arrests, 
spontaneous DNA breakages lead to mutations and cancer (Lomonosov et al., 2003) 
Numerous studies indicate that cells lacking functional DNA damage response genes frequently 
exhibit various deficiencies in maintaining specialized structures at chromosome ends, known 
as telomeres. Telomeres act as protective caps that prevent chromosomes from fusing with one 
another most likely by preventing cellular mechanisms that recognize DSBs to interpret natural 
chromosomal ends as pathogenic DSBs. This is achieved by the specific DNA structure that is 
only found at telomeres, the so called T (telomeric)-loop (Griffith et al., 1999). The T-loop 
structure is facilitated by a set of proteins known as shelterin, some of which bind either single 
or double stranded telomeric DNA (Blackburn, 2000, de Lange, 2004). Therefore, it is not 
surprising that this telomere capping function is closely linked with mechanisms that repair 
DNA DSBs. For example, key proteins involved the repair of DSBs through non-homologous 
end joining (NHEJ), Ku and DNA-PKcs, interact with some shelterin members (de Lange 
2005) and their dysfunction leads to telomere dysfunction (Wong and Slijepcevic, 2004). 
It is therefore possible that cells lacking functional BRCA2 may also show some form of 
telomere dysfunction phenotype. In line with this prediction recent studies indicate that this is 
the case. The first clear indication that BRCA2 affects telomere maintenance was provided by 
Badie et al. (2010). This study revealed that BRCA2 associates with telomeres in S and G2 
phases of the cell cycle and helps Rad51 recombinase access telomeres. Furthermore, the study 
has shown that lack of functional BRCA2 leads to telomere shortening in mouse cells and 
human tumor samples. The finding that telomeres may be abnormal in human breast cancer 
samples originating from BRCA2 affected individuals was replicated by another study 
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(Bodvarsdottir et al., 2012). Therefore, genomic instability in BRCA2 defective cells may be 
caused, at least in part, by telomere dysfunction. 
In this chapter we wanted to expand on the initial findings and examine more closely the nature 
of telomeric abnormalities caused by dysfunctional BRCA2 using cytological methods. To this 
end we employed 3 sets of human and Chinese hamster cell lines defective in BRCA2 and 
several cytological techniques for assessing telomere function and chromosome sensitivity to 
ionizing radiation.   
3.2 Results  
 
3.2.1 Cell lines and rationale 
 
In order to assess the extent to which dysfunctional BRCA2 contributes to genomic instability 
through causing telomere dysfunction it is important to have suitable cell lines and 
accompanying controls. Studies published so far used exclusively murine BRCA2-/- cells 
reported previously to have unstable karyotypes (Patel et al 1998; Badie et al. 2010) and human 
BRCA2 defective tumours exhibiting chromosomal instability (Badie et al. 2010; Bodvarsdottir 
et al., 2012). Our approach was to use different BRCA2 defective cell models that have not 
been explored before with a view to (i) expanding the initial findings implicating BRCA2 in 
telomere maintenance and (ii) uncovering any potentially novel phenotype that was not 
observed in murine cells or human tumors.      
The sets of BRCA2 defective cell lines at our disposal included: 
 A Chinese hamster cell line defective in BRCA2 with the accompanying normal control 
cell line and two cell lines in which the BRCA2 defect has been corrected. 
 Two human lymphoblastoid cell lines from BRCA2 carriers and a control cell line; 
 The Capan1 human carcinoma cell line and accompanying control line. 
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The Chinese hamster cell line, V-C8, carries two mutations in exons 15 and 16 of BRCA2 
resulting in truncated proteins (Wiegant et al., 2006). The cell line is derived from the normal 
Chinese hamster cell line V79B which is used as a control. Two additional cell lines have been 
generated by Wiegant et al. (2006) from the V-C8 cells by correcting the BRCA2 defect by 
either introducing a BAC containing the normal mouse BRCA2 gene (V-C8+BRCA2) or 
human chromosome 13 that contains the normal human BRCA2 gene (V-C8 #13).  
Lymphoblastoid cell lines, GM14622 and GM14170, have been derived from BRCA2 mutation 
carriers. The cell line GM14622 was from a patient with a frameshift mutation, 6503delTT, in 
exon 11, leading to a truncation at codon 2099 (Coriell 2009). The cell line GM14170 was 
derived from a patient with a 1 bp deletion at nucleotide 6174 in exon 11 resulting in a 
frameshift starting at codon 1982 and terminating at codon 2003 (Coriell 2009). 
Capan-1 is the pancreatic carcinoma cell line lacking one BRCA2 allele. The other BRCA2 
allele contains a truncation (6174delT) mutation resulting in the production of a truncated 
protein product  (Goggins et al., 1996). MCF-7 was selected as the control line because it has 
normal BRCA2.  
We analysed the above cell lines with the aim of (i) expanding the initial finding that BRCA2 
causes telomere dysfunction and (ii) uncovering any potentially novel telomere dysfunction 
features. The usual indicators of telomere dysfunction in any cell type are changes in telomere 
length and/or increased frequencies of end-to-end chromosome fusions (ECFs). We started by 
analysing telomere length and monitoring ECFs frequencies in all cell lines. Results of our 
analysis are shown in the next section.  
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3.2.2 Telomere length analysis 
 
There are several methods for measuring telomere length including Southern blot, Q-FISH 
(quantitative fluorescence in situ hybridization), flow-FISH, real-time PCR and STELA 
(Lansdorp et al., 1996, Rufer et al., 1998, Baird et al., 2003). Each method has advantages and 
disadvantages. The choice of the measurement method is critically dependent upon the material 
to be analysed. Chinese hamster chromosomes are known to have large blocks of interstitial 
telomeric sequences in centromeric regions of most chromosomes (McIlrath et al., 2001). This 
poses a major problem for measuring telomere length in cells from Chinese hamster as these 
interstitial telomeric sequences mask real telomeric sequences. The only method that is suitable 
for measuring telomere length in Chinese hamster chromosomes is Q-FISH as it is able to make 
a clear distinction between interstitial telomeric sequences and real telomeres. Using this 
method it has been shown that primary fibroblast cell cultures established from 4 Chinese 
hamster female animals had average telomere length in the region of 38 kb (Slijepcevic and 
Hande, 1999). This is similar to the average telomere length observed in mouse chromosomes 
(McIlrath et al., 2001). 
Therefore, we used the Q-FISH method to measure telomere length in the set of four Chinese 
hamster cell lines described above. As can be seen, most Chinese hamster chromosomes have 
large blocks of interstitial telomeric sequences around their centromeres apart from two longest 
chromosomes 1 and 2 (Figure  3.1). Terminal telomeric sequences are visible as small size 
signals in most chromosomes (Figure  3.1). It is unlikely that the size of these signals is 
equivalent to 38 kb as observed in primary Chinese hamster cell cultures (Slijepcevic and 
Hande, 1999).  
Most established immortalized Chinese hamster cell lines, such as CHO-K1 and V79 cell lines, 
have very short telomeres estimated to be in the region of 1 kb (Slijepcevic and Hande, 1999). 
The mechanisms behind this dramatic telomere loss from 38 kb to 1 kb are not completely clear 
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given that Chinese hamster cells express telomerase activity throughout their replicative 
history. It has been speculated that this loss could be due to extra-strong exonuclease activity 
required for producing G-strand overhangs, tight control of telomerase access to telomeres, or 
lack of telomerase-independent mechanisms in these cells (Slijepcevic and Hande, 1999). 
 
 
Figure  3.1 A metaphase cell from the V79B cell line after hybridization with the telomeric 
PNA probe. Note the weakness of terminal telomeric signals. 
 
The presence of the weak terminal telomeric signal in the V79B cell line (Figure  3.1) is 
consistent with the reported short telomeres in Chinese hamster immortalized cell lines 
(Slijepcevic and Bryant 1995). The remaining cell lines, V-C8+BRCA2, V-C8 #13and V-C8 
had similarly weak telomeric signals (not shown). The Q-FISH analysis of telomere length 
(TFU – telomere fluorescence units are arbitrary) in these cell lines is shown in (Figure 3.2). 
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Based on this analysis average telomere lengths have been calculated for each cell line as 
shown in Figure 3.3. Statistical analysis has revealed that V79B cells have significantly longer 
telomeres than V-C8 cells (P<0.01).  
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Figure  3.3 Average telomere length in four Chinese hamster cell lines. Statistical analysis has 
revealed that V-C8 cells have significantly shorter telomeres than V79B cells **=P<0.01, 
Error bars represent SEM.   
 
Next, we measured telomere length in lymphoblastoid cell lines from BRCA2 mutation 
carriers. For this purpose we used our recently developed method, IQ-FISH (interphase Q-
FISH) (Ojani 2012). This method is a fast and reliable estimate of the average telomere 
length in interphase cells. It relies on using mouse cell lines, LY-R and LY-S, as calibration 
standards. The telomere fluorescence is expressed in arbitrary units as CCFL (Corrected 
Calibrated FLuorescence) following the calibration method using the LY-R and LY-S cell 
lines as described in Ojani (2012). It is important to stress that this method is suitable for 
DNA damage response defective cell lines, which are usually impaired in cell proliferation as 
a result of cell cycle checkpoint blocks, thus making metaphase chromosome preparations, 
which require fast proliferating cells, impractical. Both BRCA2 defective lines showed poor 
proliferation properties. As a result, we have not been able to obtain good quality 
chromosome preparations from these cell lines that are required for Q-FISH. Therefore, we 
resorted to the IQ-FISH method. 
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Figure 3.4 Example of digital images of GM00893 human lymphoblastoid cells in interphase 
after hybridization with telomeric PNA oligonucleotides. 
  
A representative example of the hybridization pattern after hybridization with telomeric PNA 
probe seen in the control cell lines is shown in (Figure  3.4). Our IQ-FISH results indicate that 
both cell lines from BRCA2 mutation carriers (GM14622 and GM14170) showed shorter 
telomeres than the normal cell line (GM00893) (Figure  3.5). GM14170 cells showed almost 
three times shorter telomere relative to the control GM00893 cell line (P<0.001). The extent 
of telomere loss in the GM14622 cell line was smaller but still significant (*** = P<0.001, 
Error bars represent SEM) (Figure  3.5).   
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Figure  3.5 Corrected calibrated fluorescence (CcFl) in BRCA2 defective cell lines relative to 
the control cell line. GM14170 cells showed approximately 3x shorter telomere compared to 
the control cell line and GM14622 cells showed almost 1.5x shorter telomeres relative to the 
control cell line. The GM14170 cell line had shortest telomeres. ***=P<0.001, Error bars 
represent SEM. 
  
 
Next, we measured telomere length in the CAPAN-1 cell line and the MCF-7 control cell line 
using the IQ-FISH method. The BRCA2 defective CAPAN-1 cell line showed significantly 
shorter telomeres than the control MCF-7 cell line (*** = P<0.001, Error bars represent SEM 
(Figure  3.6).  
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Figure  3.6  Corrected calibrated fluorescence (CcFl) in BRCA2 defective cell line relative to 
the control cell line. *** = P<0.001, Error bars represent SEM. 
 
Based on the analysis of telomere length in the above sets of cell lines we can conclude that, 
in line with the initial findings (see above) the BRCA2 deficiency leads to significant 
telomere shortening in human and Chinese hamster cell lines. However, introduction of 
functional BRCA2 did not restore telomere length in Chinese hamster cells.  
 
3.2.3 Telomere function analysis  
 
Next, we measured frequencies of ECFs in metaphase cells. For this purpose we prepared 
metaphase chromosome spreads using standard methods and measured frequencies of 
spontaneous ECFs on Giemsa stained chromosome preparations. Results of this analysis are 
shown below.  
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Figure  3.7 An ECF in the V-C8 cell line. Chromosomal abnormalities in VC8 Chinese 
hamster BRCA2 defective cell. An example shows Giemsa stained chromosome from VC8 
with dicentric chromosome (arrowhead) as consequence of chromosome end-to-end fusions 
(CEFs).   
 
 
A representative example of an ECF observed in the V-C8 cell line is shown in (Figure  3.7). 
As expected this cell line showed the highest frequency of ECFs (Figure  3.8). This is 
consistent with the previously reported results that BRCA2 defects lead to telomere 
dysfunction. Introduction of functional BRCA2 caused either a complete disappearance of 
ECFs or their significant reduction (Figure  3.8). The normal control cell line, V79, lacked 
ECFs completely (Figure  3.8). 
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Figure  3.8 Frequencies of ECFs in Chinese hamster cell lines. A total of 60 cells have been 
analysed in two different experiments and the average values presented. Error bars represent 
standard error of the mean (SEM). ** Significantly higher than wild type (P< 0.01).  
 
Next, we measured ECF frequencies in human lymphoblastoid cell lines. Similarly to the 
Chinese hamster cells both cell lines from BRCA2 carriers showed higher frequencies of 
ECFs relative to the control cell line (Figure  3.9). However, ECF values were significantly 
higher relative to control cells in only one cell line. When these results are combined with the 
telomere length measurement in the same cell lines (Figure  3.5) this points to the evidence of 
haploinsufficiency. One functional copy of BRCA2 in cell lines from BRCA2 carriers is not 
capable of maintaining telomere length and function at the normal level.   
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Figure  3.9 Frequencies of ECFs in human lymphoblastoid cell lines.  
A total of 30 metaphases in two separate experiments have been analysed. Error bars 
represent standard error of the mean (SEM). * Significantly higher than wild type (P< 0.05).  
 
We could not monitor ECFs in CAPAN-1 and MCF7 cells accurately because of the complex 
karyoptypes in both cell lines which precluded identification of true ECFs. 
Therefore, based on the analysis of ECF frequencies of Chinese hamster cell lines and human 
lymphoblastoid cell lines we can conclude that mutations in BRCA2 lead to telomere 
dysfunction. This confirms initial findings reported by Badie et al. (2010) and Bodvarsdottir 
et al. (2012).  
3.2.4 Analysis of recombination frequencies at telomeres 
An important question is whether any other telomere dysfunction phenotype, apart from 
changes in telomere length or frequencies of ECFs, exists in BRCA2 defective cells. Other 
types of telomere dysfunction abnormalities in BRCA2 defective cells including telomere 
fragility and telomere dysfunction induce foci (TIF) have been reported (Badie et al., 2010, 
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Bodvarsdottir et al., 2012). However, abnormalities that result directly from defects in HR 
have not been investigated extensively.  
Given the involvement of BRCA2 in HR it is possible that its effects on telomeres may be 
recombination related. The CO-FISH technique, commonly used to detect the orientation of 
DNA sequences along the chromosomes (Meyne et al., 1994), 
 
can detect recombination 
events at telomeres in the form of sister chromatid exchanges (SCEs) (Bailey et al., 2004). 
When CO-FISH is carried out using the telomeric PNA probe, it is expected to yield only two 
telomeric signals per chromosome (present at 2 out of 4 chromatids) as opposed to four 
telomeric signals (present at 4 out of 4 chromatids) generated by conventional FISH (for full 
details of the CO-FISH procedure see material and methods). The presence of >2 
signals/chromosome after CO-FISH is indicative of genetic recombination events, or 
exchanges of telomeric sequences between sister chromatids (Londono-Vallejo et al., 2004), 
events known as T-SCEs (Telomeric SCEs). Frequencies of T-SCEs can be efficiently 
assessed in each cell line under investigation using CO-FISH.  
Therefore, we analysed T-SCE frequencies in our set of cell lines. Examples of T-SCEs 
observed in Chinese hamster cells are shown in (Figure  3.10). The hybridization pattern 
observed at chromosomal ends is typical of CO-FISH i.e. one signal/2 sister chromatids 
(Figure  3.10 A and B). However, the signal visible at centromeres is still very strong, 
probably reflecting the large quantity of interstitial telomeric sequences present in Chinese 
hamster chromosomes (Figure  3.10 A and B). Furthermore, in order to identify telomeric 
signals with no ambiguity we enhanced terminal telomeric signals digitally which resulted in 
the enhancement of the centromeric signal as well. Nevertheless, the presence of strong 
centromeric signal did not interfere with our analysis. It was clear that the BRCA2 defective 
cell line, V-C8, exhibited a significantly higher frequency of T-SCEs relative to the control 
                                        Chapter 3: Telomere analysis in BRCA2 defective cell lines
  
106 
 
V79 cell line (P< 0.05) (Figure  3.10 C). It was interesting that the introduction of functional 
human BRCA2 rescued the abnormal T-SCE frequency phenotype in full (Figure  3.10 C). 
 
 
Figure 3.10 Frequency of T-SCEs in Chinese hamster cell lines.   
A) V-C8 and B) V79B Chinese hamster cell lines indicated by arrows. C) Average 
frequencies of T-SCEs in four cell lines. Error bars represent standard error of the mean 
(SEM). * Significantly higher than wild type (P< 0.05). 
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We next analysed T-SCEs frequency in human lymphoblastoid cell lines. Examples of T-
SCEs in human chromosomes are shown in (Figure  3.11 A-C). Our analysis revealed that 
both cell lines from BRCA2 mutation carriers showed significantly higher frequencies of T-
SCEs relative to the control cell line (P< 0.0001) (Figure  3.11 D). Similarly to telomere 
length/function analysis in the same cell lines (Figure  3.5 and Figure  3.9) the finding of 
elevated T-SCE rates is consistent with haploinsuficiency i.e. one functional copy of BRCA2 
is not sufficient to maintain the normal level of T-SCEs. 
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Figure  3.11 Frequency of T-SCEs in human lymphoblastoid cell lines. A) GM14170, B) 
GM14622 C) GM00893 and D) Frequencies of T-SCE/cell in three lymphoblastoid cell lines. 
Error bars represent standard error of the mean (SEM). *** Significantly higher than wild 
type (P< 0.0001).  
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Finally, we analysed T-SCE frequencies in Capan-1, the pancreatic carcinoma cell line, and 
the MCF7 control cell line. Examples of T-SCEs observed in these cell lines are shown in 
Figure 3.12 A  and B. Our analysis revealed significantly higher frequencies of T-SCEs in the 
Capan-1 cell line relative to the control MCF7 cell line (Figure 3.12 C). 
 
 
Figure  3.12 Frequency of T-SCEs in MCF-7 and Capan-1. A) MCF-7 and B) Capan-1 cell 
lines. C) Average T-SCE frequencies in two cell lines. Error bars represent standard error of 
the mean (SEM). *** Significantly higher than wild type (P< 0.0001). 
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Taken together, our CO-FISH analysis revealed a novel phenotypic feature associated with 
dysfunctional BRCA2: increased frequencies of T-SCEs. This is directly in line with the 
BRCA2 role in HR. Given that elevated levels of T-SCEs indicate hyper-recombinant 
telomeres it is possible that the function of BRCA2 is to suppress recombination at telomeres. 
3.2.5 Radiation induced chromosomal abnormalities 
Defects in HR, including defects in BRCA2, cause chromosomal instability, which becomes 
more pronounced when cells are exposed to DSB inducing agents such as ionizing radiation 
(IR) (Crespan et al., 2010). In order to assess telomere function in Chinese hamster and 
human lymphoblastoid cells further we monitored frequencies of radiation-induced 
chromosome aberrations (CAs) using two approaches: (i) standard methods based on Giemsa 
staining and (ii) FISH based methods. Giemsa staining can detect CAs induced by IR either 
in the G2 phase of the cell cycle, or in the G1 phase of the cell cycle.  
Furthermore, Giemsa staining can be used to detect micronuclei (MN) resulting from 
radiation induced chromosome breaks. These breaks cannot attach to mitotic spindle and 
remain detached from the main nucleus in the form of a much smaller nucleus or MN 
(Kirsch-Volders et al., 2011). It is important to stress that Giemsa-based methods cannot 
make distinction between CAs involving telomeric or non-telomeric sequences. However, 
they are still useful because they can detect whether dysfunctional BRCA2 causes 
chromosome sensitivity to IR or not in our set of cell lines. However, the FISH-based 
approach is capable of detecting specifically radiation-induced CAs involving telomeric 
sequences. The CO-FISH method detects exclusively radiation-induced chromosome breaks 
or exchanges involving telomeres as described (Bailey 2004, Goggins et al., 1996). The 
rationale behind this approach is shown diagrammatically in (Figure  3.13). 
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Figure  3.13 Diagram shows telomere dysfunction detected by CO-FISH. A)Tel-DSB fusion 
between a broken chromosome end and telomere. B) Telomere-Telomere fusion between two 
telomeres (telomeric signals at the point of fusion). C and D) Telomere DSB fusion between a 
telomere and a broken chromatid. The diagram was adapted from (Bailey et al., 2004). 
    
We started by analysing radiation-induced CAs in a set of Chinese hamster cell lines using 
Giemsa staining. Examples of radiation-induced CAs, either in G2 or in the G1 phase of the 
cell cycle are shown in (Figure 3.14). For the G2 assay we treated cells with 0.5 Gy of 
gamma rays and for the G1 induced CAs we used a dose of 2.0 Gy. As expected BRCA2 
defective cells showed significantly higher frequencies of CAs, relative to control cells, in 
both cases.   
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Figure  3.14 Examples of chromosomal abnormalities in Chinese hamster cells. A) dicentric 
chromosomes, B) chromatid breaks, C) triradial structures and D) a ring chromosome.  
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Figure  3.15 Frequency of Chromosomal abnormalities in Chinese hamster cells. A) 
Frequencies of radiation-induced induced chromatid breaks (G2 assay). B) Frequencies 
radiation induced CAs in G1 phase. *=P<0.05, **=P<0.01, ***=P<0.001, Error bars 
represent SEM.    
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These results show that BRCA2 defect leads to increased chromosomal sensitivity to IR. 
However, the contribution of telomeres to this sensitivity cannot be assessed based on 
Giemsa staining. 
In order to assess whether telomeric sequences contribute to radiation-induced chromosome 
sensitivity we used CO-FISH. The cell lines were exposed to 2.0 Gy of gamma radiation. A 
total of 50 metaphases in each cell line were analysed. Results of this analysis are shown in 
(Table 3.1).  Examples of CAs involving telomeric sequences are shown in (Figure  3.16).  
It was clear from this investigation (Table  3-1) that BRCA2 defective cells (V-C8) are 
significantly more sensitive to radiation-induced damage that involves telomeres than all 
other cell lines. *significantly higher at P<0.05. 
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 Table  3-1 Frequencies of radiation-induced CAs after CO-FISH. 
 
 Cell line Telo-telo 
fusion 
Chromosome 
exchange 
Breaks Total CAs 
 V-79B 0 0 0 0 
Non-Treated V-C8+#13 0 1 ± 0.17 0 1  
 V-C8+BAC 0 2 ± 0.19 0 2 
 V-C8 4 ± 0.25* 22 ± 0.75 * 1 ± 0.17 27 
 V-79B 1 ± 0.17 1 ± 0.17 1 ± 0.17 3 
Treated V-C8+#13 0 4 ± 0.27  1 ± 0.17 5 
 V-C8+BAC 0 5 ± 0.30   2 ± 0.19 8 
 V-C8 5 ± 0.32* 25 ± 0.79* 8 ± 0.36* 38 
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Figure  3.16 Digital images show chromosomal aberrations in Chinese hamster cells after 
CO-FISH. A) A normal cell with no aberrations. B) Tel-DSB chromatid fusion. C) 
Chromosome exchange. D) Tel-Tel fusion (containing two centromeres).   
 
3.2.6 Radiation induced CAs in human cells 
 
Next, we analysed CA frequencies in human lymphoblastoid cell lines by either Giemsa 
staining or CO-FISH. All the cell lines were exposed to 0.5 Gy of gamma radiation for the 
G2 assay which detects chromatid breaks and gaps. The cells were also exposed to 2.0 Gy 
radiation for G1 assay where cells were analysed for the presence of dicentric chromosomes, 
ring chromosomes and chromosome fragments. Examples of G1 and G2 type CAs are shown 
in (Figure  3.17). 
After exposure to 0.5 Gy for the G2 assay it was noted that the BRCA2 defective cells lines, 
GM14622 and GM14170, had a higher incidence of chromatid breaks and gaps compared to 
the control GM00893 cell line (Figure  3.19). It was also noted that the exposure to 2.0 Gy of 
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gamma radiation resulted in higher frequencies of dicentric and ring chromomes and 
chromosome fragments in BRCA2 defective cells in comparison to the normal control cell 
line (Figure  3.18). Therefore, our results indicate that human BRCA2 defective cell lines 
show increased incidence of radiation-induced chromosome damage relative to the control 
cell line. This is another example of haploinsuficiency.  
 
Figure  3.17 Chromosomal abnormalities in human lyphoblastoid cells lines indicated by 
arrows. A) Dicentric chromosome. B) a ring chromosome. C) Triradial. D) Chromatid breaks.  
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Figure 3.18 Frequencies of G1 induced CAs in human cell lines. *=P<0.05, the error bars 
represent SEM. 
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Figure 3.19 Frequencies of G2 induced chromatid breaks. *=P<0.05, **=P<0.01, 
***=P<0.001, Error bars represent SEM.    
 
In order to confirm this haploinsuficiency with a different method we used the Cytochalasin 
B MN test. It is now accepted that micronuclei are derived from acentric chromatid 
fragments, acentric chromosome fragments or whole chromosomes that fail to segregate 
properly in anaphase (Fenech, 2010). Representative examples of MN observed are presented 
in (Figure  3.20). 
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Figure 3.20 Scoring binucleated cells in human lymphoblastoid cell lines. A) A normal 
binucleated cell after the cytokinesis block MN assay. B) an example of a MN; C) a 
binucleated cell with two MN that are lightly stained most likely due to extensive chromatin 
decondensation; D,E and F) viable mono-, tri- and quadrinuclear cells that are excluded from 
analysis.  
 
Our analysis revealed a clear distinction the spontaneous level of micronucleus frequencies in 
the un-irradiated and irradiated human lymphoblastoid cell lines treated with Cyt-B is shown 
in (Figure  3.21). The level of MN formed following IR is higher in the BRCA2 defective cell 
lines compared to the normal cell line. The highest level of MN was seen 24 hours after 
exposure to 2Gy and 4Gy radiation in both BRCA2 defective cell lines comparison of 
control. It is important to note that statistical analysis has been carried out in two different 
ways. Results of this analysis at each radiation dose (0.5, 1.0, 2.0 and 4Gy) are represented by 
stars above the bars, which were calculated relative to the BRCA2 control cell lines. The 
table above the graphs shows the results of the statistical comparison between each sample at 
different doses of radiation. *=P<0.05, **=P<0.01, ***=P<0.001, Error bars represent SEM.   
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Figure  3.21 Frequencies of MN after irradiation in human Lymphoblastoid cell lines. MN 
induced by IR 24 h after exposure to different Gy in cultures of one BRCA2 normal 
(GM00893) and two BRCA2 defective cell lines (GM14622 and GM14170) treated with 6 
µg/ml of Cyt-B. Mean ± S.E. from 500 scored binucleated cells. 
  
3.2.7 Telomere function in human BRCA2 defective lymphoblastoid cells  
Next, we analysed CAs in lymphoblastoid cell lines after CO-FISH. Similarly to hamster 
cells we used a dose of 2.0 Gy to induce CAs. Examples of Tel-tel fusions and Tel-DSB 
fusions are presented in (Figure  3.22).  
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Figure 3.22 Examples of CAs detected after CO-FISH. A) Partial metaphase with standard 
FISH and no aberrations. B) Fusion beetwen a telomere and a broken chromosome end. C) 
Dicentric chromosome. D) Sister chromatid fusion.  E) fusion between two telomeres  (two 
telomeric signals at the point of the fusion).  F) tri-radial (telomeric signal at the point of 
fusion).  
 
Results of our analysis are shown in (Table  3-2). Similarly to Chinese hamster cells this kind 
of analysis detects CAs that involves telomeric sequences. It was clear that both BRCA2 
defective cell lines showed some spontaneous CAs. Following exposure to IR CAs 
frequencies become elevated significantly in BRCA2 defective cells relative to the control 
cell line, further supporting the notion of haploisufficiency.  
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Table  3-2 Frequencies of radiation-induced CAs in human cell lines after CO-FISH. Cells 
have been irradiated with the dose of 2.0 Gy. A total of 50 metaphases in each cell lines in G1 
phases were analyzed. *P>0.05.  
 
  
Cell line 
Sister 
Chromatid 
Fusion 
Telomere-
Telomere 
fusion 
Dicentric Chromatid 
breaks 
Telomeric 
fusion 
Tri-radial 
Non-
Treated 
GM00893 0 0 1 ± 0.17 0 0 0 
GM14170 0 2 ± 0.16 3± 0.22 0 1 ± 0.17 0 
GM14622 0 1 ± 0.17 2 ± 0.16 0 0 1 ± 0.17 
Treated 
GM00893 0 1 ± 0.17 2 ± 0.16 0 0 0 
GM14170 2± 0.16 5± 0.18* 4 ± 0.14 1 ± 0.17 1 ± 0.17 3 ± 0.22* 
GM14622 1 ± 0.17 4 ± 0.14* 3± 0.22 0 1 ± 0.17 1 ± 0.17 
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3.3 Discussion 
 
Taken together, results presented in this chapter indicate that BRCA2 defective cells show 
abnormalities in telomere maintenance. First, telomere length measurements indicate 
significant telomere shortening (Figure  3.5 and Figure  3.6). Second, telomere function 
analysis revealed elevated ECF frequencies (Figure  3.8 and Figure  3.9). Third, CO-FISH 
analysis revealed elevated T-SCE frequencies. Finally, exposure to IR revealed involvement 
of telomeric sequences in CAs (Figure 3.14). Interestingly, we have found evidence of 
haploinsufficiency in the case of human lymphoblastoid cell lines. This haploinsufficiency 
was evident from telomere length measurements, telomere function analysis, CO-FISH 
analysis and analysis of IR induced CAs (Figure  3.9, Figure  3.11 and Figure  3.18). However, 
the notion of haploinsufficiency was not supported by MN analysis.  
In familial breast tumours with BRCA1 and BRCA2 mutations genomic alterations are more 
common than in sporadic tumours and show a distinct genomic profile (Holstege et al., 
2010). Also, research has shown that both BRCA1 and BRCA2 are involved in the repair of 
DNA DSBs via the HR pathway (O'Donovan and Livingston, 2010). As a result, 
chromosomal rearrangements in BRCA2 defective tumors are extensive (Lewis et al., 2006).  
Therefore, involvement of BRCA2 in telomere protection presented above, but also reported 
by other investigators (see below) links telomere homeostasis with the well-defined BRCA2 
tumour suppressor function. Our results are in line with recent publications reporting 
telomere length and function abnormalities in human and mouse cell lines defective in 
BRCA2. For example, telomere length and CAs in human mammary epithelial cell lines 
derived from tumor breast tissue, BRCA2-999del5-2T, BRCA2-999del5-1N and HME348 
were significantly different than in cells which do not carry mutations in BRCA2 
(Bodvarsdottir et al., 2012). Moreover, Badie et al., (2010) showed that BRCA2 directly 
associates with telomeres during the G2 and S phases of cell cycle and acts as a RAD51 
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loader to facilitate telomere capping and replication. Furthermore, they provide evidence of 
telomere length/function abnormalities in BRCA2 defective tumor cells.  
However, our results also revealed a novel phenotypic feature of BRCA2 defective cells: 
elevated recombination frequencies at telomeres as evidenced by the analysis of T-SCE 
frequencies after CO-FISH. This was particularly clear in the set of 4 Chinese hamster cell 
lines. The BRCA2 defective V-C8 cell line showed several fold higher frequencies of T-
SCEs relative to the control V79B cell line (Figure  3.10). However, the correction of BRCA2 
in both VC-8+#13 and V-C8+BRCA2 detect resulted in significant reduction of T-SCE 
frequencies (Figure  3.10). Also the CO-FISH analysis revealed several fold higher T-SCE 
frequencies in the Capan-1 cell line than in the control MCF-7 cell line (Figure 3.12). 
Similarly, T-SCE frequencies were several times higher in the two lymphoblastoid cell lines 
from BRCA2 carriers in comparison with the control cell line (Figure  3.9). These results 
based on three different sets of cell lines are consistent with the notion that BRCA2 may 
normally suppress recombination at telomeres. In line with our results (Bodvarsdottir et al., 
2012) reported elevated frequencies of T-SCEs in BRCA2 defective tumor cell lines.  
It is interesting that high frequencies of T-SCEs at telomeres are reported in human ALT 
positive cells lines (Hakin-Smith et al., 2003). As a matter of fact, elevated frequencies of T-
SCEs are one of the markers of ALT positive cells (Bechter et al., 2004). An important 
question is whether BRCA2 is involved in the ALT pathway. Judging by a study that focused 
on the role of FANCD2 in ALT this may be the case (Spardy et al. 2008). This study has 
shown that the well characterized DNA damage response protein, FANCD2, a participant in 
the so called Fanconi anemia molecular pathway responsible for the repair of DNA cross-
links, associated with PML bodies in ALT positive cells.  
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Moreover, it was shown that several more DNA damage response proteins, including 
BRCA2, interact with FANCD2 in this process. Interestingly, BRCA2 is also known as 
FANCD1 (Howlett et al., 2002), another player in the FANC pathway opening an interesting 
possibility that this pathway may be important for the ALT mechanism. It is known that 
approximately 10% tumors that have been tested for telomerase activity were negative. The 
assumption is that these tumors maintain their telomeres by the ALT pathway. Better 
understanding the mechanisms underlying ALT could lead to potential improvement in 
cancer therapy given that telomeres are required for the survival of any cell type including 
cancer cells.   
In conclusion, our cytogenetic analysis in this chapter showed that cells with defective 
BRCA2 had clear abnormalities in telomere length and function.  
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4.1 Introduction 
 
In the previous chapter we have shown that BRCA2 defective cell lines show a range of 
telomere maintenance abnormalities. This finding suggests a direct involvement of BRCA2 in 
telomere maintenance. The mechanism(s) behind this involvement appear(s) to be related to 
the BRCA2 role in HR. Two lines of evidence support this view. First, it has been shown that 
BRCA2 associates with telomeres in S and G2 phases of the cell cycle and this association 
facilitates access to telomeres of another HR protein, RAD51 (Badie et al. 2010). Second, our 
own results show that BRCA2 may act as a suppressor of recombination at telomeres 
(Figure  4.4 and Figure  4.12). Taken together, these findings are of interest because BRCA2 is 
a protein directly involved in human cancer and it has a clear role in telomere maintenance. 
As a result, the findings may be relevant for both developing novel therapeutic approaches 
and understanding the role of BRCA2 in tumourigenesis.  
In this chapter we investigated effects of BRCA2 on recombination rates at telomeres in both 
non-ALT (Alternative Lengthening of Telomeres) and ALT positive cell lines by examining 
T-SCE (Telomere Sister Chromatid Exchange) frequencies.  
The majority of somatic human tissues do not express telomerase activity. The result is that a 
continued cell proliferation will lead to replicative senescence due to critically short 
telomeres (Greider and Blackburn, 1985). The formation and development of tumours usually 
requires extensive cell proliferation and consequently an avoidance of telomere shortening 
and replicative senescence (Opresko et al., 2005). Roughly, 85% of all human cancers 
achieve this through enhanced activity of telomerase (Cheung and Deng, 2008), which is 
currently a prime target for developing anti-cancer therapies. The remaining 15% tumours are 
able to maintain their telomere length by the ALT mechanism (Bryan et al., 1997).  
Chapter 4: Effects of BRCA2 knock-down on ALT positive cell lines 
129 
 
The ALT mechanism is prevalent in tumours of mesenchymal origin (Decker et al., 2009). 
The reasons for this are still unknown but human mesenchymal stem cells may have a 
specific tendency to activate the ALT pathway (Hills et al., 2009). ALT positive cells contain 
so called ALT-associated PML (promyelocytic leukaemia) nuclear bodies (APBs) (Yeager et 
al., 1999) characterized by the presence of telomere-associated proteins, telomeric DNA and 
DNA damage response proteins. Other hallmarks of ALT include extreme heterogeneity in 
telomere length (Bryan et al., 1995), elevated level of recombination at telomeres in the form 
of high frequencies of T-SCEs (Londono-Vallejo et al., 2004) and rapidly changing telomere 
length (Perrem et al., 2001). It has been reported that BRCA2 associates directly with APBs 
together with other DNA damage response proteins such as FANCD2 and RAD51  (Spardy et 
al., 2008).  
The presence of two HR interacting partners, BRCA2 and RAD51 in APBs (Yeager et al., 
1999) supports the idea that BRCA2 may be involved in the ALT pathway. Our own finding 
of elevated frequencies of T-SCEs, one of the ALT markers (Bodvarsdottir et al., 2012, Badie 
et al., 2010), in BRCA2 defective Chinese hamster cells and lymphoblastoid cell lines from 
BRCA2 mutation carriers (Figure 3.9, Figure 3.11 and Figure 3.18 from chapter 3) is in line 
with this possibility. Furthermore, it has been shown by Dr Slijepcevic’s group that cells from 
a patient with bi-allelic mutation in BRCA2 had elevated frequencies of T-SCEs (Sapir et al. 
2011).  
Finally, the main function of BRCA2 in the HR mechanism is regulation of RAD51 (Sharan 
et al., 1997). Other proteins involved in HR also affect the ALT pathway including the 
RAD51 (Yeager et al., 1999) and MRE11/RAD50/NSB1-recombination complex (Zhong et 
al., 2007). Therefore, based on either direct or indirect association of BRCA2 with two ALT 
markers, namely T-SCEs and APBs, we hypothesise that BRCA2 may be involved in the 
ALT pathway. 
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In this chapter we knocked-down BRCA2 using siRNA oligonucleotides in ALT positive and 
ALT negative cell lines and examined the effects of this procedure on T-SCE frequencies and 
DNA damage response with a view to testing the above hypothesis. 
4.2 Results  
4.2.1 High frequencies of T-SCEs in the ALT positive cell line 
 
T-SCE frequencies are regularly elevated in ALT positive cells which makes them one of the 
accepted ALT markers (Londono-Vallejo et al., 2004). As a result, the CO-FISH method that 
detects T-SCEs (see previous chapter) has been used as an assay for confirming ALT positive 
cell lines (Liu et al., 2007). For example, ALT positive cell lines, such as Saos-2, U2OS and 
W138, have dramatically higher frequencies of T-SCEs compared to control telomerase 
positive cells (Bechter et al., 2004).  
Several ALT positive cell lines, namely U2-OS, WI38 Va13/2RA, SK LU1 and G-292, have 
been screened for telomerase activity, telomere length and APB bodies in Dr Slijepcevic’s 
laboratory to confirm that they are indeed ALT positive cell lines (Cabuy, PhD thesis, 2005). 
Our first task was to select an ALT positive cell line most suitable for knock-down 
experiments. Based on previous publications from Dr Slijepcevic’s laboratory (Cabuy et al. 
2004) we selected the U2-OS cell line as this line had the best in vitro growth characteristics. 
Given that BRCA2 is a DNA damage response protein which affects cell cycle progression it 
is essential to use a cell line with good in vitro growth characteristics in order to allow timely 
examination of the subsequent phenotype.  
We started by analysing T-SCEs in the U2OS cell line. We used the telomerase positive 
HeLa cell line as a control non-ALT cell line. Examples of T-SCEs observed in these two cell 
lines are shown in (Figure  4.1). It was obvious that these two cell lines have a different range 
Chapter 4: Effects of BRCA2 knock-down on ALT positive cell lines 
131 
 
of telomere lengths in individual chromosomes. For example, all chromosomes in HeLa cells 
had telomeric signals of uniform strength (Figure  4.1 A) whereas many chromosomes in 
U2OS cells completely lacked telomeric signals and signal intensity in the rest of 
chromosomes was heterogeneous (Figure  4.1 B). Telomere length heterogeneity is a hallmark 
of ALT positive cells.       
 
Figure 4.1 Examples of T-SCEs in ALT and non-ALT cell lines. A) A metaphase from the 
HeLa cell lines with no T-SCEs. B) A metaphase from the U2OS cell line with multiple T-
SCEs (arrows). Please also note telomere length heterogeneity in these two lines with some 
chromosomes completely lacking the signal. 
 
To confirm this heterogeneity we carried out the IQ-FISH procedure. Our results show that 
U2-OS cells have a greater heterogeneity of telomere length in individual cells compared to 
the control HeLa cells (Figure  4.3). As expected, telomeres were, on average, significantly 
longer in U2-OS cells (Figure  4.3).  
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Figure 4.2 Examples of digital images of Q-FISH. A) HeLa and B) U2OS cells in interphase 
after hybridization with telomeric PNA Oligonucleotides. As can be seen above, there is a 
clear difference in the strength of fluorescence signals between U2OS and Hela cells with 
U2OS (B) showing stronger signals than HeLa (A). 
 
 
 
Figure 4.3 Telomere length analysis of U2OS and HeLa cell lines. As expected, U2OS cells 
showed significantly greater telomere fluorescence than HeLa cells. HeLa cells showed 
approximately 1.5x shorter telomeres relative to the U2OS cells. CcFl - Corrected calibrated 
Fluorescence. ***=P<0.001, Error bars represent SEM. 
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Our analysis of T-SCE frequencies in the two cell lines is shown in (Figure  4.4). As expected, 
U2-OS cells showed much higher frequencies of T-SCEs relative to HeLa cells. On average, 
we found ~ 9 T-SCEs in each U2OS metaphase cell, relative to ~ 1 T-SCE per cell observed 
in the HeLa cell line (Figure  4.4).  
 
  
 
Figure 4.4 Frequencies of T-SCEs in U20S and HeLa cell line. This difference was 
statistically significant (P<0.001), Therefore, the U2OS cell line is clearly an ALT positive 
cell line as judged by the frequencies of T-SCEs. Error bars represent SEM. *** = P<0.001. 
 
4.2.2 BRCA2 transient knockdown 
Given that defective BRCA2 causes increased recombination at telomeres in non-ALT cells 
(see chapter 3) the next question for us was to examine the effect of BRCA2 deficiency in 
ALT positive cells.  ALT relies on recombination (Cesare and Reddel, 2010) and it has been 
shown that BRCA2 associates with APBs (Spardy et al., 2008). Interestingly, the knock-
down of FANCD2 and FANCA proteins, which are involved in the same pathway as BRCA2 
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(also known as FANCD1), caused reductions in T-SCE frequencies in ALT positive cells 
(Fan et al., 2009).  
Therefore, we set out to investigate effects of BRCA2 depletion in ALT positive cells, in 
particular the effect on T-SCE frequencies which represent a surrogate for recombination 
rates at telomeres. To create BRCA2 deficiency in U2-OS cells we used siRNA 
oligonucleotides. The procedure of knocking-down BRCA2 and verifying this by quantitative 
RT-PCR was carried out. We started by designing primers for BRCA2 and optimising their 
annealing temperatures and optimal concentrations by RT-PCR and Real-time PCR 
respectively. As a control, we used the house keeping gene, GAPDH. The primers for 
GAPDH were kindly provided by Dr. Terry Roberts from Professor Newbold’s group, 
together with data for the optimal concentration and temperature. The procedure for BRCA2 
primer optimisation, RT-PCR and Real-time PCR was carried out by MSc student (Ester 
Sapir), in Dr Slijepcevic’s laboratory. Her results are shown in (Figure 4.5, Figure  4.6, 
Figure  4.7 and Figure  4.8).  My responsibility was to carry out independent Real-time PCR, 
Western blot to confirm the knock-down and also examine the subsequent phenotype in 
transfected cells. My results are shown in (Figure  4.9 and Figure  4.10) onwards.  
The first step was to determine optimal annealing temperature for BRCA2 and GAPDH 
primers as shown in (Figure 4.5). In addition to U2OS and HeLa cell lines an additional cell 
line, W138, was used for this procedure. Bands were clearer at 57°C than at 60
o
C (Figure 
4.5). Therefore, this temperature was used in the rest of our experiments. 
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Figure 4.5 Optimisation of primers annealing temperature.  
The image shows the running of cDNA obtained from three cell lines, HeLa, U2OS and 
WI38 in order to determine the annealing efficiency of GAPDH and BRCA2 primers at two 
temperatures, 57°C and 59°C. From the results it is possible to see clearer bands at 57
o
C.  
 
The next step was to optimise primers’ concentration in HeLa and U2OS cell lines using 
Real-Time PCR. The results obtained for both cell lines when comparing three different 
concentrations for BRCA2 primers are shown in (Figure  4.6 A and B). Based on the graphs 
both cell lines showed that the 5 pmol concentration reduced the amplification efficiency 
dramatically, while the concentration of 20 pmol increased the amplification effectiveness. 
Therefore, in subsequent experiments we used the 20 pmol concentration. 
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Figure  4.6 BRCA2 primers optimisation at different concentrations. The graphs shows the 
amplification curves obtained at three concentrations of BRCA2 primers: 5pmol, 10pmol and 
20pmol. A) HeLa cell line amplification curve B) U2OS cell line amplification curve.  
 
 
Having optimized primer concentrations and annealing temperatures the next step was to start 
the RNAi procedure and introduce Si (small interfering) RNA oligonucleotides into cells. For 
this protocol we used ON-TARGET plus SMARTpool (Thermo Scientific Dharmacon) 
siRNA oligonucleotides. The product is designed to enhance target specificity and reduce 
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undesirable effects. Each oligonucleotide pool provided by the manufacturer consists of four 
individual siRNA sequences which exert a specific and high level of gene silencing. The 
siRNA oligonucleotides were delivered to the cells using the jetPRIME
TM 
transfection 
reagent (Polyplus-transfection). This product is based on a non-liposomal formula that 
ensures effective delivery of oligonucleotides into mammalian cells. Details of the protocols 
for gene silencing are described in Material and methods. 
We started by knocking-down our control house-keeping gene GAPDH in order to show that 
the delivery of siRNA oligonucleotides is effective and that the whole procedure works in our 
hands. Figure 4.7 shows the results of GAPDH knockdown when the Real-time products 
were run on an agarose gel. The results confirm the reduced amount of GAPDH in U2OS 
cells after transfection, mainly after 48h, as well as the gradual increase in its expression with 
the time progression. At 7 days the GAPDH expression was fully recovered as seen by 
comparing with the band obtained from U2OS untreated cells. 
 
 
Figure 4.7 GAPDH knock-down as seen by agarose gel electrophoresis. Time in hours (h) 
after transfection shown at the bottom. Note the weaker staining of the 48h post-transfection 
point. 
 
Chapter 4: Effects of BRCA2 knock-down on ALT positive cell lines 
138 
 
GAPDH knockdown was also confirmed by the increase of the Ct value at different times 
after transfection with GAPDH siRNA Oligonucleotides (Figure  4.8 A nad B). As the Ct 
value increases there is a need for more PCR cycles in order to get a fluorescence signal. The 
interpretation is that less GAPDH cDNA template is available for amplification to begin with. 
In the untreated cells the Ct value was around 15, which points to a very high GAPDH 
amount when comparing to the Ct values of 96h, 72h and 48h which were 19, 21 and 29 
respectively. At 7 days the Ct value was the same as that of the untreated cells points to a full 
recovery of GAPDH expression. Therefore, these results suggest that the knock-down of the 
house-keeping gene, GAPDH, was successful. 
 
 
 
 
Figure 4.8 GAPDH amplification curves after transfection.  
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Next, using the same methodology as above we started the procedure for knocking down 
BRCA2. BRCA2 expression was measured by Real-Time PCR at 4 different time points after 
transfection (the experiment designed presented in material and methods). The experiment 
was performed twice in order to ensure reproducibility of results. Figure  4.9 demonstrates the 
average results from two experiments. In both cell lines the lowest expression of BRCA2 was 
obtained 48h after transfection and as the time progressed the expression started to recover 
(Figure  4.9). Full recovery was reached 7 days after transfection. The efficiency of knock-
down varied between cell lines. In the case of U2-OS cells the expression of BRCA2 was 
reduced 90% 48h after transfection and 80% 72 h after transfection. In the case of HeLa cells 
these figures were 80% and 70% at the same time intervals. Overall, these results show 
expected knock-down rates in both cell lines.  
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Figure 4.9 BRCA2 expression at different time points after transfection. Relative quantities 
(RQ) of BRCA2 mRNA assessed by quantitative real time PCR after various times following 
transfection with siRNA oligonucleotides specific for BRCA2. Additional controls, ensuring 
reliable results, were cells treated with only transfection reagent and cells treated with non-
targeting siRNA.  NTC-non targeting control; Transfection only – transfection reagent with 
no siRNA oligonucleotides; Error bars represent SE. 
 
To confirm the knock-down at the protein level we used Western blot (Figure  4.10). The 
signal intensities of BRCA2 bands were weaker at 48 h and 72 h in U2-OS cells and at 72h in 
HeLa cells (Figure  4.10). Some discrepancies were observed between Real-time PCR results 
(Figure  4.9) and Western blot results (Figure  4.10). The lack of correlation between protein 
and mRNA levels could be due to post-trancriptional modifications such as phosphorylation, 
methylation, etc. (Vogel and Marcotte, 2012). In addition, the half-life of different proteins 
can vary from minutes to days. Research indicates that the degradation rate of mRNA may 
fall within a much tighter range from 2 to 7 hours for mammalian mRNA and 48 hours for 
proteins (Vogel and Marcotte, 2012). The relationship described between mRNA and protein 
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is also evident in our results; mRNA levels and protein levels in both samples different, for 
example, 72 hours post transfection, suggesting more stable mRNA compared to protein.     
Taken together, our results show that BRCA2 expression was significantly reduced 48 and 72 
hrs post-transfection in both cell lines. The expression recovered to control levels 7 days from 
transfection. 
 
 
Figure 4.10 Western blot analysis of BRCA2 expression following transfection with siRNA 
oligonucleotides. The level of β-actin protein expression confirms equal protein loading in 
both cell types. Additional controls, ensuring reliable results, were cells treated with only 
transfection reagent (WT) and cells treated with non-targeting siRNA (NTC).  
 
4.2.3 Effects of BRCA2 deficiency on telomere recombination in non-ALT and ALT 
cells  
Since the above results were consistent with the significant reduction in BRCA2 expression 
levels in both cell lines 48 and 72 h after transfection with siRNA oligonucleotides the next 
step in the study was the examination of the phenotype of transfected cells. We carried out 
two types of phenotype examination: measuring T-SCE frequencies by CO-FISH and 
assessing DNA damage response by immunocytochemical methods.  
We started with the CO-FISH procedure. The idea was to carry out CO-FISH at the post-
transfection time intervals showing the lowest level of BRCA2 expression i.e. 48 and 72 h 
(see Figure  4.9). However, in a pilot experiment we have found that that BRCA2 knock-down 
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significantly slowed down the cell cycle progression resulting in a low mitotic index 
incompatible with CO-FISH, which requires good quality metaphase preparation, at the first 
time point of 48 h (results not shown). As a result, we decided to perform the CO-FISH 
procedure on U2OS and HeLa cells 72 h following transfection as we observed a slight 
recovery in cell cycle progression approximately 3 days after initiation of transfection 
procedure. In addition, a longer time after transfection would ensure that all dividing cells 
had been transfected with siRNA oligonucleotides resulting in an effective BRCA2 silencing. 
As a control we used cells transfected with non-targeting siRNA oligonucleotides 
(scrambled) obtained from the same manufacturer as the BRCA2 specific siRNA 
oligonucleotides. Examples of U2-OS and HeLa metaphase cells after transfection with two 
types of siRNA oligonucleotides are shown in (Figure  4.11).   
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Figure  4.11 Digital images of metaphases cells analysed by CO-FISH after BRCA2 
transfection.  
A) U2OS metaphase cell that expressed the BRCA2 gene and was treated with scrambled Si-
RNA oligonucleotides. T-SCEs are marked by arrows. B) A U2OS metaphase cell treated 
with Si-RNA oligonucleotides targeting the BRCA2 gene. Please note lack of T-SCE events. 
C) A HeLa metaphase cell treated with scrambled Si-RNA oligonucleotides (no T-SCEs). D) 
A HeLa metaphase cell treated with Si-RNA targeting the BRCA2 gene (no T-SCEs). 
 
As expected, cells transfected with BRCA2 specific siRNA oligonucleotides had a lower 
mitotic index 72h after transfection relative to cells transfected with control scrambled siRNA 
oligonucleotides (results not shown). Still, the mitotic index was sufficiently high to obtain 
enough good-quality metaphase cells to carry out the CO-FISH procedure. Results of the 
analysis of T-SCE frequencies in both cell lines are shown in (Figure  4.12). This analysis 
revealed a significant reduction in T-SCE frequencies in U2-OS cells following BRCA2 
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knockdown relative to control cells (Figure  4.12). We have also noticed that HeLa cells show 
similar effect but because of low numbers of T-SCEs observed the difference was not 
statistically significant. We would like to note that frequencies of T-SCEs in control untreated 
U2-OS and HeLa cells (Figure  4.4) were similar to those observed after transfection with 
scrambled siRNA oligonucleotides (Figure  4.12). Therefore, these results show that BRCA2 
knock-down has resulted in a dramatic, ~9-fold reduction of T-SCE frequencies in ALT 
positive cells, but no significant effect in cells that maintain telomeres by telomerase. 
 
          
Figure  4.12  T-SCE frequencies after BRCA2 knock-down (72 h post-transfection). Dark 
grey bars – cells transfected with scrambled Oligonucleotides. Light gray bars – cells 
transfected with BRCA2 specific siRNA oligonucleotides. ***=P<0.001, Error bars represent 
SEM.  
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4.2.4 Immunofluorescence detection of γ-H2AX at telomere after BRCA2 depletion in 
human cell lines 
Apart from effects of BRCA2 on T-SCE frequencies we found that BRCA2 deficiency also 
causes increased frequencies of CAs (see Chapter 3). CAs are usually elevated when DDR is 
defective. Therefore, we next examined effects of BRCA2 depletion on DDR response using 
immunocytochemical analysis based on detecting the phosphorylated form of histone H2AX 
(γ-H2AX), which is considered a good DNA damage marker. Furthermore, by combining γ-
H2AX detection with detection of telomeric repeat sequences, DNA damage can be observed 
exclusively at telomeres. This assay is also known as the TIF (Telomere dysfunction Induced 
Foci) assay (Takai et al, 2003). We carried out both tests, namely imunocytological detection 
of γ-H2AX foci and the TIF assay. 
To this end U2-OS and HeLa cells have been transfected with BRCA2 specific and control 
siRNA oligonucleotides. Frequencies of DNA damage foci and TIFs were monitored at a 
single time point post-transfection, 72 hours. Representative examples of γ-H2AX foci and 
TIFs observed are shown in (Figure  4.13). Analysis of γ-H2AX foci and TIF frequencies are 
shown in (Figure  4.14).  
As expected, both U2-OS and HeLa cells showed some increase in frequencies of γ-H2AX 
foci and TIFs after BRCA2 depletion (Figure  4.14). This is consistent with the view that 
BRCA2 deficiency affects DDR (Venkitaraman, 2001). However, statistical analysis 
indicated that the increase was significant only in the case of the U2-OS cell line, but not in 
the case of the HeLa cell line.   
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Figure  4.13 Examples of images generated by TIF.  A and B, HeLa cells were incubated with 
γ-H2AX antibodies (green) and hybridyzed with synthetic Peptide Nucleic Acid (PNA) 
telomeric sequence (CCCTAA)3  conjugated with a Cy-3 fluorescence label (red). C) Co-
localization of the γ-H2AX foci and telomeres represent a TIF. D) Represent larger 
magnification of the squared areas, and TIF are visualized as yellow spots. Please note that 
only complete overlaps between two colours have been scored as TIFs. 
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Figure 4.14 Frequencies of γH2AX positive foci (A) and TIFs (B) 72 hours after transfection. 
A total of 100 cells were analysed per point in two independent experiments. NTC (non-
template control) represent scrambled siRNA. ***=P<0.001, Error bars represent SEM. 
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4.3 Discussion 
 
It is well documented that deficiencies in both BRCA2 and telomere maintenance affect 
genome stability. For example, examination of mouse cells in which a BRCA2 deficiency 
was artificially engineered revealed increase in chromosome abnormalities indicative of 
genome instability. Similarly, loss of telomere function as a result of replicative senescence, 
or defects in genes encoding components of shelterin leads to increased frequencies of DNA 
damage foci in the nuclei of affected cells, a scenario consistent with genome instability 
(Bailey et al., 2004). 
Our results (see Chapter 3), and results of others (Bodvarsdottir et al., 2012, Badie et al., 
2010) suggest that when BRCA2 is defective, telomere maintenance is also affected raising 
an interesting possibility that there is a functional interaction between BRCA2 and telomere 
maintenance aimed at preserving genome stability. In this chapter we examined effects of 
BRCA2 depletion in cells that maintain telomeres by the ALT pathway.  
A study by Spardy et al., (2008) established that BRCA2 associates with APBs in ALT 
positive cells.  Moreover, APBs are particularly enriched with BRCA2 during S/G2/M phases 
of the cell cycle (Lansdorp, 2009). Interestingly, several proteins that are involved in HR and 
DNA repair were found to co-localise with APBs including MRE11/RAD50/NBS1 (MRN) 
recombination protein complex (Zhong et al., 2007), RAD52 (Yeager et al., 1999), RPA 
(Bernardi and Pandolfi, 2007) and RAD51 recombinase (Yeager et al., 1999). It is important 
to note that BRCA2 is also a part of the so called Fanconi Anaemia (FA) pathway. FA is a 
rare autosomal recessive disease that is linked to a defect in the cellular response to DNA 
damage (Thompson, 2005).  A total of thirteen genes have been identified in FA including 
FANC A,B,C,D1,D2,E,F,G,I,J,L,M and N (Thompson, 2005, Venkitaraman, 2002). 
FANCD1 has been identified as BRCA2 (Howlett et al., 2002). The majority of FANC 
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proteins form the so called FANC core complex which is comprised from eight proteins (A, 
B, C, E, F, G, L and M) and is required for the monoubiquitination of FANCD2 and FANCI 
(Thompson, 2005, Venkitaraman, 2002). The third group consists of BRCA2/FANCD1, 
FANCN/PALB2 and FANCJ/BRIP1. Upon DNA damage, monoubiquitinated FANCD2 is 
targeted to chromatin where it interacts, through its C terminal region, with 
BRCA2/FANCD1 in order to promote its loading on to chromatin (Wang, 2007). BRCA2 in 
turn functions, together with RAD51, to repair the damage through HR. 
Two members of the FA pathway, FANCD2 and FANCA, are also involved in the ALT 
mechanism (Fan et al., 2009). For example, FANCD2 co-localises with APBs in ALT 
positive cells (Fan et al., 2009). In addition, transient depletion of either FANCD2 or FANCA 
has caused acute reduction in telomere length and even lost of detectable telomeres. 
Moreover, depletion of these FA proteins has resulted in decreased T-SCE frequencies. We 
have shown in this chapter that BRCA2 depletion has similar effects in ALT cells, namely 
reduction in T-SCE frequencies (Figure  4.12). This reduction was approximately 9-fold in 
ALT positive cells but non-existent in ALT negative cells (Figure  4.12). 
An important question is how these results can be reconciled with our hypothesis from 
Chapter 3, namely that BRCA2 acts as a suppressor of recombination at telomeres. We have 
shown that defective BRCA2 causes elevated recombination at telomeres in non-ALT cells 
including Capan-1, two lymphoblastiod cell lines from BRCA2 carriers and BRCA2 
defective Chinese hamster cell lines (see Chapter 3). However, depletion of BRCA2 in ALT 
positive cells has the opposite effect on T-SCE frequencies (Figure  4.12). It is tempting to 
speculate that ALT positive and ALT negative cells represent two different environments 
from the perspective of DDR and these differences may eventually lead to different effects of 
BRCA2 on T-SCE frequencies. This scenario is supported by the observation that ALT 
positive cell lines show a range of genomic instability signs including: extensive genomic 
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rearrangements, DSB repair defects, defects in cell cycle checkpoint control etc. (Lovejoy et 
al., 2012). In such an environment DDR proteins, including BRCA2, may be regulated 
differently and their functions applicable to the telomerase positive environment may not be 
applicable to the radically different DDR environment such as the ALT environment. 
Interestingly, most ALT positive cell lines tested showed lack of the chromatin remodelling 
protein ATRX/DAXX (Lovejoy et al., 2012). Given the involvement of ATRX and DAXX at 
telomeres, this led researchers to investigate the telomere status of a panel of pancreatic 
neuroendocrine tumours. Interestingly, the results have shown that all samples containing 
mutations for either DAXX or ATRX shows that heterogeneous telomere length are 
characteristic of ALT positive cells and contain deletion of exons 2 through 19 in ATRX 
(Heaphy et al., 2011). Furthermore, ALT positive cell lines have not been able to repair DSBs 
effectively 24h post-irradiation, in contrast to ALT positive cells (Lovejoy et al., 2012). Our 
observation of elevated rates of DNA damage foci in untreated U2-OS cells relative to 
untreated HeLa cells (Figure  4.14) is in line with the view that DSB repair mechanisms are 
not effective in ALT positive cell.  
It is important to note that not all the proteins that are involved in HR are necessary for the 
ALT pathway. A good example may be RAD54 that despite its involvement in HR and even 
telomere elongation was shown to be unnecessary for ALT (Akiyama et al., 2006). Since our 
findings indicate that BRCA2 is specifically involved in the maintenance of telomeres in 
ALT cells, it is expected that patients harbouring BRCA2 mutation, such as patients with 
hereditary breast cancer, will express telomerase and rely on its activity, rather than be based 
on the ALT for telomere maintenance. Indeed, ALT mechanism is more common in certain 
sarcomas and germ cell tumours while it is relatively rare in carcinomas (Hakin-Smith et al., 
2003).  
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During this study additional events were noticed (data not shown), when BRCA2 was 
transiently silenced by siRNA and shRNA the cells’ ability to divide dramatically decreases; 
pointing to the possibility that BRCA2 depletion in ALT positive cells may induce cell 
senescence. Therefore, in order to achieve a sufficient amount of dividing cells for analysis, 
we needed to change the cell growth conditions and to perform the experiments on a larger 
amount of cells in order to get sufficient number of mitotic cells for T-SCE analysis. 
To sum up, the data obtained in this study point to the role of BRCA2 in ALT. However, 
further investigation is required to confirm this and also explore the importance of these 
results for cancer therapy.  
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5.1 Introduction  
 
In the previous Chapter we have shown that a transient BRCA2 knock-down mediated by 
siRNA oligonucleotides in ALT positive cells leads to a reduction in the frequency of one of 
the ALT markers, namely T-SCEs. A similar effect was observed when another protein 
involved in the FANC pathway, FANCD2, was knocked-down (Spardy et al., 2008). These 
findings suggest that the FANC proteins may be involved in regulating the ALT pathway. 
The question that is highly relevant for us is whether BRCA2 is critically important in the 
ALT pathway. If so, this may open up an interesting avenue for further investigation. For 
example, if BRCA2 plays an important role in the ALT pathway then its deficiency could in 
turn make this pathway defective. This scenario is relevant for cancer therapeutics based on 
anti-telomerase drugs. The problem with inhibiting telomerase as a way of cancer therapy is a 
potential reactivation of the ALT pathway (Bechter et al., 2004). Therefore, combining anti-
telomerase drugs with treatments that inhibit the ALT pathway at the same time, for example 
by inducing BRCA2 deficiency, may be an effective way to render the telomere maintenance 
machinery, which is vital for survival of cancer cells, ineffective. 
In this Chapter we focused on investigating long term effects of BRCA2 deficiency on ALT 
positive cells. In order to achieve the long term BRCA2 knock-down we used the short 
hairpin RNA (shRNA) approach. 
5.2 Long term knock-down of BRCA2 using shRNA 
5.2.1 Establishing shRNA protocol and generation of stable lines 
  
RNAi is an endogenous post transcriptional gene silencing pathway that uses either short 
interfering (siRNA) or shRNA approaches. The siRNA based approach relies on introducing 
~21-25 long nucleotides using artificial means such as transfection and is usually a temporary 
form of gene silencing (see previous Chapter). On the other hand the shRNA based approach 
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involves targeting specific transcripts for degradation using plasmids or lentiviral vectors, 
which stably integrate into the host genome making this a more permanent form of gene 
silencing. Both gene silencing pathways use the endogenous RNAi pathway in eukaryotic 
cells to degrade their target gene mRNA (Rao et al., 2009, Pecot et al., 2011).  
This pathway is carried out in the cytoplasm through the RNA-interfering silencing complex 
(RISC) (Cullen, 2005) (see also Figure  5.1). The difference between the siRNA and shRNA 
based approaches is in the mode of transfection and the ability to produce either transient or 
long-term stable knock-down of target RNA transcript. Since shRNAs are carried by a vector, 
they are permanently integrated into the host genome and constantly produce siRNA. This 
allows for selection of cells that constitutively expresses low amount of the target gene of 
interest. There are several advantages for using shRNA instead of siRNA. For instance the 
loading process for siRNA is ten times less efficient in comparison to shRNA (Rao et al., 
2009). However its efficiency can be improved by increasing the length of one side of the 
siRNA duplex to 29-30 nucleotide with a 2 nucleotide 3’ over hang (Rao et al., 2009).  
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Figure  5.1  Schematic of the RNA interference pathway.  
After transfer of the shRNA expression vector into the cytoplasm, the vector for transcription 
should be delivered into the nucleus. Then by Drosh/DGCR8 complex the primary transcripts 
are processed and form pre shRNAs. After loading onto the Dicer complex where they are 
further processed to mature shRNA. The mature shRNA in the Dicer are associated with 
Argonaute protein including RISC and provide RNA interference function through mRNA 
cleavage and degradation. This diagram was adjusted and modified from (Rao et al., 2009).   
 
On the other hand the shRNA approach is more efficient than its siRNA counterpart as it 
incorporates into the endogenous miRNA pathway (Rao et al., 2009).  
We used SMARTvector 2.0 Lentiviral shRNA particles (Thermo Scientific Dharmacon) to 
generate a permanent knock down of BRCA2 in ALT-positive and ALT–negative cell lines. 
We used the U2OS cell line as the ALT-positive cell line. The primary reason for this is that 
we used the same cell line for the transient knock-out (see previous Chapter). However, 
instead of the HeLa cell line that has been used as a control non-ALT cell line in the previous 
Chapter we decided to use the breast carcinoma cell line MCF7. The main reason for 
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selecting this cell line is its origin, namely the breast epithelium. This may be important at a 
later stage in this project. For example, if we are able to knock-down BRCA2 permanently in 
the above cell lines the next stage would be to treat them with anti-telomerase drugs to test 
whether telomere maintenance can be disabled completely. Having a breast cancer cell line as 
one of the test cell lines is important as this is the cellular environment in which BRCA2 
exerts its cancer inducing properties. 
The SMARTvector 2.0 Lentviral system (Figure 5.2) produces shRNA under the control of 
the human cytomegalovirus (hCMV) promoter with a drug-selection marker (puromycin) and 
turboGFP (Evrogen, Moscow, Russia) reporter gene for easy selection of infected cells. It 
also has a VSVg envelope protein for a broad tropism of infection of mammalian cell type. 
The structure of the vector is shown in Figure 5.2. 
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Key: 
 
Vector Element 
 
Utility 
 
5' LTR 5' Long Terminal Repeat necessary for lentiviral particle 
production and integration of the construct into the host cell 
genome  
ψ Psi packaging sequence allows viral genome packaging using 
lentiviral packaging systems  
PTRE3G Inducible promoter with Tetracycline Response Element is 
activated by the Tet-On® 3G protein in the presence of dox  
tGFP or tRP  TurboGFP or TurboRFP reporter for visual tracking expression 
upon doxycycline induction  
SMARTvector 
universal scaffold  
Optimized proprietary scaffold based on native primary 
microRNA in which gene-targeting sequence is embedded  
Puro
R
 Puromycin resistance permits antibiotic selection of transduced 
cells  
2a  Self-cleaving peptide enables the expression of both PuroR and 
Tet-On® 3G transactivator from a single RNA pol II promoter  
Tet-On® 3G  Encodes the doxycycline-regulated transactivator protein, which 
binds to pTRE3G only in the presence of doxycycline  
WPRE  Woodchuck Hepatitis Post-transcriptional Regulatory Element 
enhances transgene expression in target cells  
3' SIN LTR  3' Self-inactivating Long Terminal Repeat for generation of 
replication-incompetent lentiviral particles  
 
Figure 5.2 Elements of the SMARTvector inducible shRNA backbone (adapted from 
thermoscientificbio.com). 
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In order to carry out planned knock-down experiments using the SMARTvector 2.0 system 
some preparatory work was required to establish: (i) the optimum concentration of 
Puromycin for selection and (ii) the optimum concentration of Polybrene, a chemical that 
enhances retroviral infection of mammalian cells, which is also the integral part of the 
SMARTvector 2.0 system. Details of this preparatory work are presented in material and 
methods (2.11.1).  
Having established optimal concentrations of the above two chemicals our next step was to 
assess transduction efficiency of the SMART vector 2.0 in our two cell lines, MCF-7 and 
U2OS, using the house keeping gene, GAPDH, before we move on to the BRCA2 knock-
down. Details of GAPDH knockdown are described next. 
Cells have been transfected with SMART vector 2.0 containing GAPDH insert at different 
MOI. GFP expression in these cells was assessed using fluorescence microscopy 4 days after 
transduction (Figure 5.3) and gene expression measured using real-time quantitative PCR 
(Figure  5.6) and Western blot (Figure 5-7) 96 h after transduction. 
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Figure 5.3 Example of GFP expression in U2OS cells. Images show a typical GFP expression 
in U2OS cells that were transduced with packaged lentiviral vectors expressing shRNA 
specific GAPDH gene 4 days after transfection. Satisfactory transfection efficiency was seen 
with both MOI 10 and 20. 
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Figure  5.4 Amplification curve for GAPDH primers. GAPDH showing a clean PCR product 
amplified under real time conditions. There are no signs of primer dimmer formation or 
secondary products. 
 
Next, the MOI optimization (Figure  5.5) and knock-down verification using endogenous 18s 
and ACTB genes were carried out. By looking at the changes of the Ct values obtained by 
Real-time qPCR amplification plots it was concluded that MOI 20 has been most effective.  
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Figure  5.5 Real time PCR amplification curve for GAPDH. A) MCF7 and B) U2OS cell 
lines at different MOI. MOI-20 was most effective in both cases.  
 
We then normalized GAPDH expression relative to endogenous 18S and ACTB genes 
(Figure 5.5) in order to assess accurately GAPDH expression following knock-down using 
the SMARTvector 2.0 system at different MOIs (Figure 5.6). Form Figure 5.6 it was clear 
that a 90% knock-down was achieved in both cell lines at MOI 20.  These results were 
confirmed by Western blot (Figure 5.7). Therefore, these results indicate that the 
SMARTvector 2.0 system is capable of knocking-down effectively the expression of 
GAPDH.    
A 
B 
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Figure  5.5 Real-Time qPCR amplification curve of GAPDH. A) MCF-7 and B) U2OS cells. 
The knock-down levels of the target gene (GAPDH) were normalized against endogenous18s 
(MCF7) or endogenous18s and ACTB genes (U2OS). 
 
 
 
 
 
A 
B 
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Figure  5.6 GAPDH expression at different MOI after transfection with shRNA. MCF7 (A) 
and U2OS (B) cell lines. The knock-down levels were normalized against endogenous 18s 
gene in MCF7 cells and against 18s and ACTB genes in U2OS cells (see Figure 5.5).  
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Figure  5.7 Western blot analysis of GAPDH expression. Following transfection with 
lentiviral shRNA, expression of GAPDH protein levels as detected by Western blotting with 
control and shRNA tansfected. Equal aliquots from proteins (20µg/lane) were loaded. The 
level of protein expression in β-actin confirms equal protein loading in both cell types 
whereas GAPDH bands show different levels of expression in MCF-7 and U2OS after treated 
with different MOI.  
 
5.3 BRCA2 knock-down using shRNA approach 
 
Given that we optimized the knock-down protocol for the SMARTvector 2.0 system using 
GAPDH we were confident that the above condition would allow us to replicate the knock-
down of BRCA2 in the same cell lines and monitor the long term effect of this knock-down. 
It is important to note that we have achieved over 90% GAPDH knock-down over the 96 
hour period (Figure  5.6). To begin testing on the BRCA2 gene, we identified the optimum 
MOI as described in materials and method (section 2.11.1).  
The SMARTvector 2.0 contained three unique BRCA2 hairpin sequences as shown in 
(Table  5-1) below. The three sequences were then mixed at equal Titer to generate a pool 
SMARTvector 2.0. A pool of shRNAs helps to increase the target knock-down efficiency.  
 
Chapter 5: Generating stable knock-down of BRCA2 in ALT-positive cells 
165 
 
Table  5-1 Set of three SMART vector 2.0 human lentiviral shRNA particles.  
 Cat.No Source Clone ID Vector Gene 
Symbol 
Gene Target Sequence 
1 VSH5417 SH-003462-01-10 hCMV-
TurboGFP 
BRCA2 GGATTATACATATTTCGCA 
2 VSH5417 SH-003462-02-10 hCMV-
TurboGFP 
BRCA2 ATAAACAGCTGTATACGTA 
3 VSH5417 SH-003462-03-10 hCMV-
TurboGFP 
BRCA2 AATCACTATAGATGGATCA 
 
Three different target sequences of Lentiviral shRNA particles in (Table  5-1) are located 
between exons 15 and 20.  Sequence 1 is located in exon 15 and crosses over to exon 16, 
sequence 2 is positioned in exon 17 and sequence 3 is located in exon 20 (Figure 5.8). 
 
Figure  5.8 Schematic diagram of BRCA2 mRNA which has 11386 bp consisting of 27 exons.  
 
 
Cells from both cell lines have been transduced with SMARTvector 2.0 particles and 
incubated for 4 weeks. After 4 weeks we monitored GFP expression in U2OS and MCF7 cell 
lines by fluorescence microscopy and flow cytometry. A typical profile of cells under the 
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fluorescent microscope is shown in Figure 5.9. From this Figure it can be seen that MOI 10 
has achieved good transduction efficiency as no cells lacking GFP staining were observed. 
 
 
Figure  5.9 GFP expression after four weeks in U2OS and MCF7.  Cells that were transduced 
with packaged lentivirus expressing shRNA specific for the BRCA2 gene. Transfections were 
performed using MOI-10.  
 
Moreover, the expression of GFP was measured also by Flow Cytometry. As expected, based 
on Figure 5.9, high levels of GFP (green) fluorescence were obtained in both cell lines using 
flow cytometry (Figure 5.10).   
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Figure  5.10 A typical Flow Cytometry profile of U2OS cell analysis of subpopulations of 
cells with BRCA2-shRNA lentivirus. As example the percentage of GFP positive cells was 
assessed in U2OS cells with flow cytometry. GFP, when excited by a 488 nm laser emits 
fluorescence that can be detected in the FL1 channel. The blue histogram shows the non-
transfected cells, whilst the red histogram shows the cells infected with the GFP contract. 
Based on FL1 channel analysis over 97% of the infected cells resulted GFP positive, 
confirming a successful lentiviral vector transduction.  
 
Next, we measured BRCA2 expression by Real-Time PCR at different MOI values. The 
experiment was performed twice in each cell line in order to ensure reproducibility of results. 
Figure 5.11 shows average results 20 and 60 days post transduction. It is important to note 
that the reason for measuring the BRCA2 expression 20 days post transduction was because 
BRCA2 knockdown caused cell-cycle block resulting in a dramatic decrease in the number of 
dividing cells in both cell lines. This was similar to what we observed after si-RNA based 
knock-down in the previous Chapter. Only after 20 days cells began to grow more rapidly 
and all transfected cells were transferred from 6-well plates to T25 flasks at which stage we 
had sufficient number of cells for RNA extraction.  
Our results were unexpected in comparison to GAPDH results described earlier. Only 15% 
knock-down was achieved in the U2OS cell line at MOI-10 and 40% in the MCF-7 cell line 
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at MOI-10 (Figure 5.11 A). Due to this unexpected result, it was hypothesized that a sub-
population of cells may have survived puromycin selection after 20 days, therefore both cell 
lines were maintained in culture in the presence of puromycin for a further 40 days for further 
investigation. However, when we monitored BRCA2 expression 60 days post transduction 
there was no major differences (Figure 5.11 B). Almost complete lack of BRCA2 knock-
down was evident.  
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 Figure  5.11 BRCA2 expression at different MOI. MOI values after transduction with 
SMART vector 2.0 human lentiviral shRNA in U2OS and MCF-7 cells 20 days (A) or 60 
days (B) following transduction. Relative quantities of BRCA2 mRNA assessed by 
quantitative real time PCR. shows the relative percentage of BRCA2 mRNA in the two cell 
lines.  
 
A similar pattern was observed by Western blot, which showed a non-significant BRCA2 
expression reduction in the both cell lines following transduction.  
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Figure 5.12 Expression of BRCA2 protein levels as detected by Western blot. Expression of 
BRCA2 proteins, 60 days post-transduction. Equal aliquots of total cell protein (40 µg/lane) 
were electrophoresed and the protein bands were detected by enhanced chemiluminescence. 
The expression of ß-actin ratio levels shows equal protein loading in both cell line lanes. 
 
A similar problem of inefficient knock-down using a lenti-virus transduction approach was 
reported by colleagues in the Division of Biosciences from Professor Newbold’s group, Dr 
Terry Roberts and Dr Hemad Yasaei. They have been able to show that the cause of this poor 
knock-down was the promoter hypermethylation in transduced cells as reported earlier 
(Prosch et al., 1996). Therefore, it could be argued that the promoter region in the 
SMARTvector 2.0 was hypermethylated in transduced cells thus leading to a poor BRCA2 
knock-down observed in our cells.  
5.3.1 Investigating the causes of poor BRCA2 knock-down 
 
To gain insight into the potential cause of the poor BRCA2 knock-down in our cell lines we 
treated them with a DNA methyltransferase inhibitor 5-aza-deoxycytidine (5-aza-CdR) (He et 
al., 2005, Brooks et al., 2004, Ghoshal et al., 2005). The reasoning behind this was that the 
hCMV promoter in the SMARTvector 2.0 system (see Figure 5.2) could have been silenced 
by methylation based on: (i) an earlier report (Prosch et al., 1996) and (ii) experience of 
colleagues in our Division (Roberts and Yasaei, personal communication). If this is the case, 
then de-methylation by 5-aza-CdR can reverse the effect. Therefore, 5-aza-CdR was used to 
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treat our cell lines at different time points followed by the assessment of BRCA2 expression 
levels by qRT-PCR (Figures 5.13 and 5.14). 
From Figure 5.13 it can be seen that the number of cells in both cell lines went down with 
time after treatment with 5-aza-CdR. It has been shown in several studies that 5-aza-CdR has 
therapeutic value for cancer treatment (Venturelli et al., 2007). Therefore, 5-aza-CdR causes 
cell death via induction of apoptosis pathways (Jin et al., 2012). It seems after 48 hours 
treatments a significant reduction in both cell numbers was observed relative to untreated 
cells.   
 
Figure 5.13 Effects of 5-aza-CdR on MCF-7 and U2OS cell lines. MCF-7 and U2OS cell 
lines were treated with 5µM 5-aza-CdR for 8, 24 and 48 hours.  
 
We then monitored BRCA2 expression relative to the expression observed after transduction 
with SMARTvector 2.0 at the MOI value of 10 (Figure 5.14). Additional controls included 
cells transfected with an empty vector (GFP) and untreated cells. In MCF-7 cells the lowest 
expression of BRCA2 was observed 24 hrs after treatment (Figure 5.14 A). In U2OS cells the 
lowest expression of BRCA2 was obtained 8hrs after treatment (Figure 5.14 B). Dissociation 
Chapter 5: Generating stable knock-down of BRCA2 in ALT-positive cells 
172 
 
curve analysis confirms only one amplification product without any non-specific 
amplification or primer dimer (Figure 5.14 A).  
 
 
 
 
 
 
Figure  5.14 BRCA2 expression at different time points after treatment with 5-aza-CdR 
(5µM). A) MCF7 and B) U2OS cells. Error bars represent SE. 
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The fact that the expression of BRCA2 went down following treatment with 5-aza-CdR 
suggest that indeed hyper-methylation of the hCMV promoter may have been responsible for 
the poor BRCA2 knock-down observed in our cells.  
5.4 Determination of telomerase activity by conventional TRAP assay 
 
We have also measured telomerase activity in both cell lines. The reason behind this was to 
assess telomerase activity in cells with long-term BRCA2 knock-down as we suspected that 
BRCA2 could be associated with the ALT pathway. Telomerase and ALT rarely operate at 
the same levels in the single cell type. Therefore, expression of telomerase activity was 
assessed by the q-PCR-based telomerase activity detection method, Telomeric Repeat 
Amplification Protocol (TRAP). As controls we used two cell lines, PC3 and PC3/hTERT, 
known to have robust telomerase activity.  
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Figure  5.15 Telomerase activity as measured by RTQ-TRAP. A) Serial dilution of PC-
3/hTERT cell extract versus Ct with linear trendline for regression analysis. B) Quantitation 
of telomerase activity in different cell lines.  
 
Our results revealed a low telomerase activity in U2OS cells and a medium activity in MCF7 
cells (Figure 5.15). Both PC-3 and PC-3/hTERT cells showed robust telomerase activity as 
expected. 
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5.5 Discussion 
 
The initial aim of this part of the work was to generate a long-term BRCA2 knock-down in 
ALT positive and ALT-negative cell lines. It was planned that once this long-term knock-
down was achieved the next step should be monitoring phenotypic features of resulting 
clones with a view to selecting suitable clones for treatment with anti-telomerase drugs. The 
thinking behind this was that BRCA2 deficiency could potentially affect the ALT pathway 
(see Chapter 4) and that it could create conditions for greater telomerase expression in ALT 
positive cells in which telomerase is down-regulated or absent. Indeed our results of 
telomerase activity assessment in ALT-positive U2OS cells revealed much lower telomerase 
activity than in non-ALT MCF7 and P-C3 cells (Figure 5.15). Therefore, this work was 
aimed at exploring the strategy for telomere maintenance manipulation in the ALT-positive 
cell line U2OS. 
Unfortunately, we encountered problems with the long-term BRCA2 knock-down (Figure 
5.11) using SMARTvector 2.0 Lentiviral shRNA particles (Thermo Scientific Dharmacon). It 
seems likely that the problems are caused by the hypermetylation of the promoter in the 
vector system as the treatment of cells with 5-aza-CdR resulted in the increase of BRCA2 
expression (Figure 5.14). 
In eukaryotic genomes, epigenetic alterations such as methylation of DNA and histone 
modifications by specific enzymes play an important role in regulating gene expression. In 
vertebrates, many lines of evidence indicate that aberrant DNA methylation can alter the 
expression of genes that play an essential role in preventing tumorigenesis (Das and Singal, 
2004). DNA methylation is carried out by DNA methyltransferase (DNMTs) enzymes that 
transfer a covalent methyl group to the position 5 of cytosine at CpG dinucleotides 
(Momparler et al., 2000). The DNMT family consists of five members: DNMT1, DNMT2, 
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DNMT3A, DNMT3B and DNMT3L (Okano et al., 1998). DNMT1 is the main enzyme that 
responsible to methylate hemi-methylated DNA during replication (Pradhan et al., 1999). 
Gene expression can be inhibited by the methylation of DNA via preventing transcription 
factors. This process is carried out by protruding out methyl group to the major groove of the 
DNA helix (Maldonado et al., 1999). A DNA methyltransferase inhibitor, such as 5-aza-CdR 
demethylates DNA to induce the re-expression of silenced genes (Ghoshal et al., 2005). Re-
expression of BRCA2 following 5-aza-CdR treatment (Figure 5.14) is in line with this 
possibility. 
Alternatively, the cause of poor BRCA2 knock-down could have been alterations in the 
RNAi silencing machinery, in particular alterations in Dicer and Drosha levels. It has been 
shown that there is a down-regulation of mRNA expression in cancer cells in general but it is 
not known whether this is due to low dicer levels or due to shortened 3’ untranslated regions 
with fewer miRNA-binding sites (Lu et al., 2005). Both cell lines used, MCF7 and U2OS, are 
cancer cell lines. Interestingly, a reduced Dicer expression was observed in patients with 
ovarian cancer (Merritt et al., 2008). Also poor silencing using the shRNA approach has 
occurred in ovarian cancer cell lines due to low versus high Dicer levels (Schmitter et al., 
2006). This shows that the levels of Drosha and Dicer mRNA can disrupt effective knock-
down. 
Because of the failure to generate a long-term BRCA2 knock-down the rest of the planned 
experiments, such as phenotype assessment of generated clones and treatment of the resulting 
clones with telomerase inhibitors were not performed. 
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BRCA2 involvement in interstitial telomeric maintenance  
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6.1 BRCA2 may be involved in interstitial telomeric maintenance in Chinese 
hamster 
6.2 Introduction 
 
In the last part of the project we examined repair kinetics of DNA damage in the set of 
Chinese hamster BRCA2 deficient and proficient cell lines described in Chapter 3. This 
introductory section explains the rationale behind this part of the study. 
 The Chinese hamster genome (2n=22) contains a total of 18 interstitial telomeric sites (ITSs) 
consisting of large blocks of (TTAGGG)n sequences located in the centromeric or 
pericentromeric regions of most chromosomes (Slijepcevic and Hande, 1999). A number of 
studies carried out in the last 20 years revealed that these ITSs are preferential sites of 
radiation-induced chromosome breakage (Bolzan, 2012 and 2001, Slijepcevic et al., 1996, 
Rivero et al., 2004). All these studies used classical cytogenetic approaches to study 
radiation-induced chromosomal aberrations following FISH with telomeric probe. The exact 
reasons for the increased incidence of radiation-induced chromosome breakage within ITSs 
in the Chinese hamster genome remain unknown.  
The occurrence of ITSs has been assumed to be the consequence of tandem chromosome 
fusion (telomere-telomere fusion) during the insertion of telomeric DNA within unstable sites 
during the repair of DSBs (Azzalin et al., 2001) or during evolution (Meyne et al., 1990, 
Hastie and Allshire, 1989). ITSs often co-localise with preferential sites of breakage, DNA 
amplification and chromosomal recombination (Bolzan and Bianchi, 2006, Lin and Yan, 
2008, Ruiz-Herrera et al., 2008). It is important to note that so far only a few studies 
examined the role of ITSs in the long term clastogenicity (Marder and Morgan, 1993, Day et 
al., 1998). 
It has been postulated that ITSs may behave as classical fragile sites (Bolzan, 2012). Fragile 
sites are physiologically occurring regions in chromosomes that show predisposition to 
Chapter-6: BRCA2 involvement in interstitial telomeric maintenance 
179 
 
breakage after treatment with folate reducing chemicals. Interestingly, it has been suggested 
that not only ITSs, but also terminal telomeric sequences may behave as fragile sites (Sfeir et 
al., 2009; Bosco and de Lange, 2012). According to this scenario telomeric DNA sequences 
pose a problem for DNA replication machinery as exemplified by frequent replication-related 
problems within these sequences that resemble aphidicolin-induced fragile sites (Sfeir et al., 
2009). A combination of telomeric proteins such as TRF1 and various helicases such as BLM 
is required to resolve the resulting fragility. More recently, it has been shown that interstitial 
telomeric sequences at the human chromosome 2q14 constitute an aphidicolin-induced 
common fragile site (Bosco and de Lange 2012).  TRF1 binds this fragile site in the same 
manner as it binds terminal telomeric sequences (Bosco and de Lange 2012).  
In order to gain further insight into the mechanisms of ITS fragility we monitored DNA 
damage in ITSs using the TIF assay and total genomic DNA damage using the standard 
gamma-H2AX assay. Furthermore, we employed additional methods to assess radiation-
induced damage in the set of 4 Chinese hamster cell lines. Given the role of BRCA2 at 
telomeres reported in Chapter 3 the question is whether the aberrant telomere maintenance 
phenotype resulting from dysfunctional BRCA2 could also affect DNA repair kinetics within 
ITSs relative to the rest of the genome. To the best of our knowledge this is the first study 
that uses TIF and gamma-H2AX assays to assess radiation-induced damage at ITSs.  
6.3 Results 
 
We used the same set of Chinese hamster cell lines described in Chapter 3. As a reminder, 
V79B is a BRCA2 proficient control cell line. The V-C8 cell line is BRCA2 defective. The 
remaining two cell lines are V-C8 isogenic which the BRCA2 defect was corrected either as a 
result of introducing a BAC with a functional copy of the murine Brca2 gene (V-C8+Brca2), 
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or human chromosome 13 containing functional BRCA2 (V-C8+#13) (Kraakman-van der 
Zwet et al., 2002).  
6.3.1 Study of ITSs dysfunction in untreated Chinese hamster cell lines at interphase 
using γ-H2AXand TIF assay  
 
We started by analysing spontaneous DNA damage in Chinese hamster cell lines using the γ-
H2AX and TIF assays. As explained in previous chapters these methods detect either global 
DNA damage in the genome (γ-H2AX assay) or a fraction of DNA damage that localizes 
within telomeric sequences (TIF assay) (dAdda di Fagagna et al., 2003 and Takai et al., 
2003).   
It is important to note that Chinese hamster chromosomes contain large number of ITSs (see 
introduction) and that telomeres in these cells are very short and hardly detectable by FISH 
(see Chapter 3). Therefore, it is likely that the large majority of telomeric sequences that can 
be detected by TIF will represent ITSs. A cell was considered TIF positive if at least one 
telomeric signal co-localized with a γ-H2AX signal (Figure ‎6.1).   
 
Figure  6.1 An example of Chinese hamster cells images generated by γ-H2AX and TIF 
assays. Cells were incubated with primary γ-H2AX and hybridyzed with PNA telomeric 
sequence (CCCTAA)3 conjugated with a Cy-3 fluorescence label (middle image). Co-
localization of the γ-H2AX and telomeres represent a TIF (labelled by arrowed).  
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Results of our analysis are presented in (Figure  6.2). The frequency of γ-H2AX foci/cell 
ranged from ~ 3 in BRCA2 proficient cells to ~ 8 in BRCA2 deficient cells (Figure 6.2 A). 
Therefore, these values represent the total DNA damage in the genome. The results of TIF 
analysis (Figure 6.2 B) allow us to estimate the proportion of DNA damage occurring within 
telomeric sequences including ITSs and terminal telomeric sequences. Given that terminal 
telomeric sequences are short in Chinese hamster cells and almost undetectable by FISH (see 
Chapter 3) it is safe to assume that the large majority of telomeric sequences detected by the 
TIF assay will be due to ITSs. Our results of TIF analysis suggest that ~10% of DNA damage 
occurs within telomeric sequences in BRCA2 proficient cells (Figure 6.2 B). This proportion 
is higher in BRCA2 deficient cells (~17%) (Figure 6.2 B). We would like to note that the 
frequency of spontaneous DNA damage is somewhat higher in normal Chinese hamster cells 
(V79B-3 foci/cell) relative to most normal human cell lines used in our laboratory that show 
on average 1-2 foci/cell.    
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Figure 6.2 Frequency of γ-H2AX foci and TIF in hamster cell lines. A) γ-H2AX foci and B) 
TIF in untreated Chinese hamster cell lines. The error bars represent SEM, ***=P < 0.001. 
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6.3.2 Analysis DNA damage kinetics in hamster cell lines using γ-H2AX and TIF assay  
 
Next, we analysed responses of the four Chinese hamster cell lines to ionizing radiation. All 
cells were irradiated with 1.0 Gy of gamma rays and DNA damage repair kinetics assessed at 
different time intervals after irradiation. Examples of H2AX and TIF foci in irradiated cells 
are shown in Figure 6.3. Green - γ-H2AX; Red – telomeric probe. 
 
 
Figure  6.3 Chinese hamster cells at different time points following irradiation. An example 
of V-C8 interphase BRCA2 cells defective at four time points after 1Gy of irradiation. The 
reduction in frequency of γ-H2AX foci was clearly evident.  
 
Results of our analysis are shown in Figure 6.4. It is clear from this analysis that BRCA2 
proficient cell lines have been able to repair DNA damage effectively judging by the presence 
of approximately 3 foci/cell in control cells and cells observed 24 h and 48 h post-irradiation. 
However, BRCA2 defective cells have not been able to repair damage effectively judging by 
the presence of ~ 13 and ~ 9 foci/cell 24 h and 48 h after irradiation respectively, relative to 8 
foci/cell in control non-irradiated cells (Figure 6.4). Therefore, these results are in line with 
expectation given that BRCA2 is involved in DNA damage response. 
Chapter-6: BRCA2 involvement in interstitial telomeric maintenance 
184 
 
 
 
 
 
 
 
 
Figure 6.4 Frequencies of γH2AX foci after radiation in hamster cell lines. A normal and 
BRCA2 defective cell lines at different time intervals following 1.0 Gy gamma radiation. 
*=P<0.05, **=P<0.01, ***=P<0.001, Error bars represent SEM.   
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6.3.3 Telomere dysfunction Induced Foci (TIF) assay analysis in hamster cell lines  
 
By using the TIF assay we have been able to assess repair kinetics within ITSs. All BRCA2 
proficient cells have been able to repair DNA damage within telomeres effectively as 
frequencies of TIFs were similar in control cells and cells observed 24 h and 48 h after 
irradiation (Figure 6.5). However, BRCA2 defective cells showed different values of TIFs 24 
h and 48 h after irradiation relative to control cells. In control cells TIF frequency was 1.18 
TIF/cell, whereas cells observed 24 h and 48 h after irradiation showed values of 1.8 TIF/cell 
and 1.44 TIF/cell respectively (Figure 6.5). These results were statistically significant 
(P<0.05). Therefore, we can conclude that the BRCA2 defective cell line shows a defective 
DNA damage response when exposed to IR and that telomere dysfunction contributes 
significantly to this defective response (Figure 6.5). 
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 Figure  6.5 Frequency of TIF after radiation in Chinese hamster cell lines. Frequencies of 
TIF/cell in normal and BRCA2 defective cell lines at different time intervals following 1.0 
Gy gamma radiation. *=P<0.05, **=P<0.01, ***=P<0.001, Error bars represent SEM.   
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6.3.4 Immunofluorescence detection of γ-H2AX in ITSs in metaphase cells 
 
Given that our analysis of γ-H2AX foci and TIFs was carried out in interphase cells we 
ignored the fact that some of TIFs we observed may have not been localized within ITSs but 
rather within terminal telomeric sequences. As argued earlier (see Chapter 3) telomeres in 
Chinese hamster cell lines are short and the large majority of the fluorescence signal observed 
after FISH in interphase cells is likely to be due to ITSs. Nevertheless, it is important to 
determine the fraction of DNA damage occurring within terminal telomeric sequences. 
This can be done only by analysing DNA damage in metaphase chromosomes. Classical 
metaphase chromosome preparation which uses strong fixatives (methanol and acetic acid) 
precludes the use of antibodies such as those against γ-H2AX. Therefore, a different protocol 
for chromosome preparation suitable for γ-H2AX and TIF detection needs to be developed. 
 
Using a gentle fixation procedure (low concentration of formaldehyde) and the cytospin 
method for chromosome spreading we managed to obtain metaphase chromosome 
preparations suitable for γ-H2AX detection. Representative examples of spontaneous 
chromatid breaks detected by the γ-H2AX specific antibody are shown in Figure 6.6. 
However, our attempts to combine this protocol with the telomeric PNA probe in order to 
carry our TIF analysis have failed so far. However, we are confident that the TIF assay 
suitable for metaphase chromosome analysis will be developed within the next several 
months. 
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 Figure 6.6 Detection of γ-H2AX foci in Chinese hamster metaphase cells. A) An example of 
a metaphase cell derived from BRCA2 defective hamster cell line V-C8. Green fluorescence 
represents DNA damage foci. Please note most of DNA damage are located within 
pericentromeric regions of chromosomes (sites of ITSs). B) A metaphase chromosomes 
showing localization of γ-H2AX within chromatid breaks. C) DAPI stain of picture B, 
showing localization of damage at chromosome.  
 
 
In the absence of the means to detect telomeric sequences in metaphase chromosome 
preparations we resorted to karyotyping after hybridization with the telomeric PNA probe as 
shown in Figure 6.7 A-D. Using the generated karyotype information as a guide for detecting 
ITSs and telomeres we then classified spontaneous γ-H2AX foci into three categories: 
(i) Those localizing within ITSs 
(ii) Those localizing within terminal telomeric sequences 
(iii) Those localizing outside ITSs and terminal telomeric sequences. 
It is important to note that our method for γ-H2AX foci detection in metaphase chromosomes 
is not perfected yet to enable a simultaneous detection of γ-H2AX foci and telomeric 
sequences in the same slides.  Results of our analysis are shown in Figure 6.7 E.   
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Figure 6.7  Frequencies of DNA damage foci in metaphase. A-D Individual Chinese hamster 
chromosomes showing typical hybridization patterns with the telomeric probe. E) 
Distribution of γ-H2AX foci within different regions of Chinese hamster chromosomes.  
 
The average number of spontaneous γ-H2AX foci in three normal cell lines was similar and it 
ranged from 3-4 foci/cell (Figure 6.7 E). In contrast the BRCA2 defective V-C8 cell line had 
8 foci/cell (Figure 6.7 E).  It is clear from this analysis that, in the BRCA2 proficient cells, 
the large majority, >90%, of spontaneous γ-H2AX foci localize within ITSs with the 
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remaining foci being localised mostly within telomeres (Figure 6.7 E). The number of 
foci/cell localizing outside ITSs and telomeres was almost negligible. In contrast, BRCA2 
defective V-C8 cells showed somewhat different pattern. The percentage of ITS localising γ-
H2AX foci was in the region of 60-70%, whereas 30% γ-H2AX foci localized within 
telomeres with only a tiny fraction being localized outside ITSs and telomeres (Figure 6.7 E). 
However, when these results are compared with the results of γ-H2AX and TIF assays 
(Figure 6.4 and Figure 6.5) it is clear that the frequencies of DNA damage occurring within 
telomeric sequences as analysed in metaphase chromosomes is a gross over-estimate. This 
over-estimate is most likely caused by the lack of accuracy when classifying DNA damage 
foci using rough karyotyping as a guideline. Therefore, for the accurate estimate of DNA 
damage occurring within terminal telomeric sequences we need to complete development of 
the TIF protocol suitable for metaphase chromosomes. 
6.3.5 Telomere dysfunctions in hamster BRCA2 defective cells  
6.3.5.1 Anaphase bridge analysis in Chinese hamster cell lines  
 
In the rest of this chapter we describe results of two more assays that detect DNA damage 
and can be used as confirmation of the results generated by the γ-H2AX assay. First we 
analysed frequencies of anaphase bridges.  Anaphase bridges were first observed in maize by 
McClintock (McClintock, 1941, McClintock, 1942) and are today considered a hallmark of 
chromosome fusion resulting from telomere loss (Gisselsson et al., 2001, Rudolph et al., 
2001). Examples of Telophase lags observed in Chinese hamster cells are shown in Figure 
6.8.  
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 Figure 6.8 Telophase lags in the Chinese hamster cell line. A,B,C and D)The cells were 
captured in late anaphase-early telophase. A) Note the presence of red fluorescence within the 
Telophase lags. Red fluorescence represents telomeres. Green fluorescence is due to H2AX. 
Please note there are two Micronuclei in B. 
 
 
We next quantified anaphase bridges observed in four Chinese hamster cell lines following 
irradiation. The pattern of repair was similar to that observed following the γ-H2AX assay 
(Figure  6.9). 
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Figure 6.9 Anaphase bridge frequencies in Chinese hamster cell lines. Graph shows 
frequency of anaphase bridge at different time point following exposure to 1.0 Gy of gamma 
rays. *=P<0.05, **=P<0.01, *** = P < 0.001, Error bars represent SEM. 
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6.3.5.2 Micronuclei analysis in Chinese hamster cell lines  
 
Next, we analysed micronuclei (MN) frequencies using the Cytochalasin B in four hamster 
cell lines. The cytokinesis-block MN assay in mammalian cells is one of the most commonly 
used technique for assessing DNA damage. MN resulting from whole chromosomes or 
chromosome fragments cannot attach to the mitotic spindle and lag behind the rest of 
chromosomes when the cell divides (Stewenius et al., 2005) (Figure 6.10).  
 
Figure  6.10 Examples of different MN forms in Chinese hamster cells. A) Three ideal 
binucleated cells one of which shows MN (arrows); B) Ideal binucleated cell with one clear 
MN; C) One binucleated cell and one metaphase cells containing a lagging chromosome 
fragment that will become a MN  in anaphase.  
 
Frequencies of radiation induced MN 24 hrs after ɣ-irradiation were assessed by scoring 500 
binucleated cells in each cell line. Similarly to the patterns observed in this chapter, BRCA2 
defective cells showed higher frequencies of MN relative to BRCA2 proficient cells (Figure 
6.11). 
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Figure 6.11 MN frequencies after irradiation in Chinese hamster cell lines. MN induced by 
IR 24 h after exposure to 2 and 4Gy in cultures of three BRCA2 normal (V79B , VC8+#13 
and V-C8+BRCA2) and BRCA2 defective (V-C8)cell lines, treated with 6 µg/ml of Cyt-B. 
*=P<0.05, **=P<0.01, *** = P < 0.001.  Mean ± S.E. from 500 scored cells. 
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6.4 Discussion 
 
A number of studies have indicated that ITSs in the Chinese hamster genome are 
preferentially involved in spontaneous and radiation-induced chromosome breakage (Bertoni 
et al., 1994, Alvarez et al., 1993). Mechanisms behind this preferential involvement are not 
fully understood at present. It has been postulated that ITSs may (i) behave as fragile sites 
(Slijepcevic et al., 1996, Bolzan et al., 2001), (ii) act as unstable sites during DNA DSB 
repair (Bolzan, 2012) or (iii) be targeted by telomerase in the process of chromosome healing 
leading to chromosome breakage (Slijepcevic et al., 1996). In this Chapter we tested the 
hypothesis that DSB repair may be affected within ITSs. To this end we irradiated a set of 4 
BRCA2 proficient and deficient cell lines using a dose of 1.0 Gy of gamma rays and 
monitored repair of DSBs using γ-H2AX and TIF assays.   
Monitoring of DSBs by the γ-H2AX assay revealed somewhat higher frequencies of 
spontaneous DSBs in 3 BRCA2 proficient cell lines including the normal cell lines, V79B 
(Figure 6.4) relative to normal human cell lines used in our laboratory. However, the analysis 
of radiation induced chromosome breakage in the same cell lines using Giemsa staining 
revealed lack of spontaneous breakage (see Chapter 3; Figure 3-15). The expectation is that a 
higher frequency of DSBs will lead to a higher frequency of chromosome aberrations as it 
has been recognised that the molecular lesion responsible for chromosomal breakage is DSB 
(Natarajan and Obe 1985; Bryant 1985). Given the lack of correlation between the two it is 
possible that some γ-H2AX positive foci observed in untreated Chinese hamster cells may be 
not due to DSBs but rather due to chromatin modification changes as reported in embryonic 
stem cells (Turinetto et al., 2012). Embryonic stem cells show high frequencies of 
spontaneous γ-H2AX positive foci but their genome maintenance is normal judging by the 
absence of chromosomal aberrations. Alternatively, some other currently unknown 
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mechanisms may be implicated in this higher rate of spontaneous γ-H2AX positive foci in 
Chinese hamster cells. 
Regarding the distribution of γ-H2AX positive foci within the telomeres as observed by the 
TIF assay it was clear that in normal cell lines approximately 10% of DSBs were located 
within ITSs (Figure 6.5). This seems to be an expected frequency as large blocks of ITSs in 
the Chinese hamster genome are unlikely to exceed 10% of the total Chinese hamster 
genome. However, in the case of the BRCA2 defective cell line this frequency was 
approximately 17% (Figure 6.5) suggesting that the BRCA2 defect may indeed affect repair 
of DSBs within ITSs. This is in line with the observed increase in recombination rates at 
telomeres in BRCA2 defective cells (see Chapter 3) (Sapir et al., 2011, Bodvarsdottir et al., 
2012). 
Exposure of cells to IR allowed us to test more directly the possibility that the BRCA2 
deficiency may also affect repair kinetics within ITSs but also whether normal cells show 
different repair kinetics within ITSs.  
As far as normal cells (BRCA2 proficient) are concerned repair kinetics within ITSs did not 
differ from the repair kinetics in the whole genome (Figure 6.4 and Figure 6.5). For example, 
the frequency of γ-H2AX positive foci in the normal V79B cell line 24 and 48 h after 
irradiation was the same as that before irradiation (Figure 6.4) indicating full repair. 
Similarly, frequencies of TIFs were the same in V79B cells before irradiation and 24/48 h 
after irradiation (Figure 6.5) again indicating full repair within these sequences. However, in 
the case of the V-C8 cell line (BRCA2 defective) repair kinetics was not as effective. For 
example, 24h and 48h after irradiation these cells had 13 foci/cell and 9 foci/cell respectively 
as opposed to 8 foci/cell in control non-irradiated cells (Figure 6.4). This suggests (i) slower 
Chapter-6: BRCA2 involvement in interstitial telomeric maintenance 
197 
 
repair kinetics and (ii) inability to fully repair DNA damage long time after irradiation. Most 
normal cells will repair DSBs within 24h after irradiation (Gordon et al., 2002).  
Therefore, BRCA2 deficiency confers general DSB repair deficiency. This general DSB 
repair deficiency also affects repair kinetics within ITSs. While normal cells are able to fully 
repair DSBs within ITSs in 24 h, BRCA2 defective cells cannot carry out full repair. For 
example, 24h and 48h after irradiation numbers of TIFs were 1.8/cell and 1.44/cell as 
opposed to 1.18/cell in control cells (Figure 6.7). Therefore, we can conclude that repair 
kinetics within ITSs in BRCA2 defective cells is slower/incomplete relative to BRCA2 
normal cells.  
Taken together, these results do not offer any major new insights into the mechanisms of ITS 
sensitivity to radiation-induced damage but allow us to add some refinements to the current 
understanding. Our results indeed replicate cytogenetic results which showed excess of 
chromosome breakpoints localizing within ITSs (Bertoni et al., 1994, Alvarez et al., 1993, 
Slijepcevic et al., 1996, Balajee et al., 1994). For example, spontaneous levels of γ-H2AX 
positive foci localizing within ITSs in normal cells were roughly 10% (see above). It has been 
estimated that the percentage of telomeric sequences in the genomes of immortalized Chinese 
hamster cells like those used in this study is roughly 3% (Bolzan et al. 2001). Therefore, the 
DNA damage excess of 300% relative to the expected level based on the random distribution 
of DSBs within the genome is largely in line with previous estimates one of which suggested 
a 4-6 times higher levels of chromosome breakage in ITSs relative to the rest of the genome. 
In the case of DSBs defective cells (V-C8) the excess of DNA damage localizing within 
ITSs, relative to the rest of the genome, is 600% suggesting that DSB repair defects enhance 
the overall effect. 
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However, surprisingly DSB repair kinetics within ITSs was proficient in normal Chinese 
hamster cells (Figures 6.5) suggesting that the hypothesis implying the role of ineffective 
DSB repair within ITSs may be discarded. 
It is important to note that the present study had a minor limitation which, we believe, will be 
resolved in our future studies. This limitation is the reliance on interphase cells to carry out 
the TIF assay. As shown in (Figure 6.6) at present we are not able to carry out γ-H2AX 
detection in metaphase cells in combination with telomeric sequences. This is caused by our 
inabilities to merge two separate protocols (immuno-FISH and metaphase chromosome 
preparation by non-standard methods) into one effective protocol. However, we believe that 
we can achieve this within the next several months. The fully functioning protocol will 
enable us to calculate precisely percentages of DNA damage occurring within ITSs and 
terminal telomeric sequences relative to total DNA damage induced in the genome.      
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7-1 General Discussion and future works 
 
The key findings of this thesis can be summarized as follows. Defective BRCA2 causes 
telomere dysfunction, which manifests in telomere shortening, increased frequencies of ECFs 
and increased frequencies of T-SCEs (Sapir et al., 2011; Chapter 3). Increased T-SCE 
frequencies are consistent with the notion that BRCA2 may act as repressor of recombination 
at telomeres. However, in ALT positive cells the opposite is true, namely BRCA2 knock-
down in these cells leads to a reduction in T-SCEs (Sapir et al., 2011; see also Chapter 4). We 
speculate that ALT positive and ALT negative cells may represent two different cellular 
environments in which DDR mechanisms are regulated in different fashions as suggested by 
a recent publication (Lovejoy et al., 2012). It is well established that most DDR response 
mechanisms, including DNA repair mechanisms, are characterized by functional plasticity. A 
good example is the NHEJ pathway, which has an alternative, or back-up form that was not 
appreciated in the past (Mladenov and Iliakis 2012). It is therefore possible that BRCA2 may 
play differential roles in cellular environments that show differences in DDR mechanisms 
and their regulation. Finally, our analysis of DSB repair kinetics within ITSs showed no 
major differences in repair capacities of ITSs relative to the rest of the genome (see Chapter 
6). This disproves the hypothesis that ineffective repair of DSBs within ITSs may be 
responsible for their sensitivity to DNA damaging agents (Azzalin et al., 2001). The reason 
for this unusual sensitivity therefore must be searched for within the alternative hypothesis 
which points to the possibility that ITSs may behave as fragile sites (Bosco and de Lange, 
2012). 
The work on this project started in 2010 and at that time very little was known about the role 
of BRCA2 at telomeres. The first study that indicated a potential role of BRCA2 in this 
respect was that of Badie et al. (2009). Some of our results were published soon after that and 
the main contribution of this work to the current understanding of BRCA2 at telomeres is the 
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observation that BRCA2 may act as repressor of recombination at telomeres in ALT negative 
cells (Sapir et al. 2011; see also Chapter 3). Our finding was confirmed by a study of 
Bodvarsdottir et al., (2012). 
Our ambition was to expand on this finding and explore its potential for cancer therapeutics. 
One scenario seemed particularly interesting. Given that BRCA2 dysfunction leads to 
reduction in T-SCE frequencies in ALT positive cells (Sapir et al. 2011; see Chapter 4) it 
seemed reasonable to argue that BRCA2 dysfunction may disable telomere maintenance by 
the ALT pathway. This pathway requires recombination and disabling the protein like 
BRCA2, which plays a key role in the process, may disrupt the whole recombination 
machinery. If this is indeed the case the expectation would be that creating BRCA2 
deficiency together with inhibiting telomerase mechanisms could disable the process of 
telomere maintenance. Given that this process seems vital for proliferation of cancer cells the 
approach may constitute a valid avenue for cancer therapeutics.  
The key test for the above scenario is to create a long term BRCA2 deficiency in the ALT 
positive environment and assess its effect on cell proliferation and other relevant phenotypic 
parameters. Unfortunately, our attempt to create a permanent BRCA2 knock-down in ALT 
positive U2OS cells did not work as described in Chapter 5. 
One of the points for the future research is a more detailed examination of the failure of a 
permanent BRCA2 knock-down using the SMARTvector 2.0 system. While our preliminary 
results point to the epigenetic alterations of the promoter region in the vector system as a 
cause, other potential causes must be examined. It is worth noting that any attempt at 
knocking down expression of proteins involved in DDR will inevitably create a significant 
cell cycle block and cell proliferation problems. We observed a very strong proliferation 
block after transient BRCA2 knock-down (Sapir et al., 2011; see also Chapter 4). The same 
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situation was replicated when we attempted knock-down using the SMARTvector 2.0 system 
(see Chapter 5). The cell cycle block lasted for many days and it is possible that this situation 
created conditions that accelerated epigenetic changes including those affecting the promoter 
within the vector system. This occurred in the case of both ALT positive and ALT negative 
cells (see Chapter 5). One encouraging sign is that if the BRCA2 knock-down is long lasting 
then it may have a negative effect on cell proliferation which is a pre-requisite for a 
successful cancer therapy.  
Another area that can be explored further is the examination of repair kinetics within ITSs 
and terminal telomeric sequences using the metaphase chromosome approach described in 
Chapter 6. We are very close to making this method work. Once we are able to 
simultaneously detect sites of DNA damage and telomeric sequences in metaphase 
chromosomes this will allow us to examine repair kinetics within telomeric sequences in the 
Chinese hamster genome with a greater accuracy. 
Furthermore, interactions between BRCA2 and individual shelterin components are 
addressed only partially. Only when all protein interactions including those between shelterin 
components and BRCA2 and its interacting partners are mapped, only then a full biochemical 
picture of the BRCA2 involvement at telomeres may be obtained. 
In conclusion, results presented in this thesis show that BRCA2 deficiency leads to telomere 
dysfunction. Future work is required to test whether this finding can be explored further from 
the perspective of cancer therapeutics.      
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Appendix I 
Three different target sequences of Lentiviral shRNA particles that purchased from the 
thermo scientific SMART choice Lentiviral shRNA Particles for BRCA2 stable knockdown. 
The SMARTvector 2.0 contained three unique BRCA2 hairpin sequences as shown in 
(Packing list & COSHH form) below. The three sequences were then mixed at equal Titer to 
generate a pool SMARTvector 2.0. A pool of shRNAs helps to increase the target knock-
down efficiency.  
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Appendix II 
 
Detail of Chromosomal abnormalities experiments. 
Two sets of experiments were carried out using Giemsa stained techniques. In each 
experiment at least 30- 50 metaphases were analysed. 
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Appendix III 
Determination of telomerase activity by conventional Telomeric Repeat Amplification 
Protocol (TRAP) assay 
 
 
 
Figure 1 - Optimisation of shBRCA2 CDNs 
The image shows the running of cDNA obtained from two cell lines, U2OS and MCF-7 after 
transfected with Lentiviral shBRCA2 in order to determine the annealing efficiency and cycle 
at 57°C. The cycles in A and B was 25 and 35. 
 
 
 
Figure 2- Telomerase activity was assessed by the q-PCR-based telomerase activity detection 
method, Telomeric Repeat Amplification Protocol (TRAP). As controls we used two cell 
lines, PC3 and PC3/hTERT, known to have robust telomerase activity. PC-3/hTERT cells 
showed robust telomerase activity as expected. 
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Appendix IV 
 
These are the list of applies for permission to reproduce the images that haven been used in 
this thesis.   
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